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An Overview of the 
U„S» Department of Energy’s Automotive 

Stirling Engine Technology 
Development Program 


Potrtdc L. Sutton 
UA Dspatrmnt of Emtrgy 
Washington, DC 


Presented from the point of vie» of the 
U.S. Departeent of Energy's Program Office, 
the overview is a synopsis of the Automotive 
Stirling Engine Technology Developosent Pro- 
gram's accosajjllshisients of the 1981-82 program 
year and the program's currevit status. The 
MOD I Stirling engine is the focal point of 
the program. Four MOD I engines have been 
and continue to be. tested and evaluated. 

Areas of study include: power and efficiency; 


materials and coaponent development, including 
use of ceramics; engine doimBlting and pack- 
aging; hydrogen containment; durability /relia- 


bility; raultifuel capability; and others. 
Upcoming prograss-sponsoreU projects are 
briefly described . 



THE AOT(MmVE STIRLIKG ENGIKE TECHKOLOGY 
DEVE1..0PMEMT PROGEAM, sponsored by the U.S. 
Department of Energy (DOE), has made excellent 
progress in the 1981-82 program year, particu- 
larly In light of the very difficult task It 
has undertaken - building a better automobile 
engine. Important steps forward have been 
made In all areasi critical to engine accept- 
ance. 

Tfeis overview of the prograa,, presented 
from the point oi viw of the DOE Program 
Office, focuses on the accoajjslisSuients of the 
past year and provides a suswiary of the current 
8tatu« of the aw»:oi4t>tlve Stirling engine and 
the research and developwent progirata.* Prog- 
ress in the critical to engine acceptance 

la briefly described. These areas include: 

*Tt»t8 cverview is fe-SKed on the opening: reasarks 
of the author as. leader of the Stirling engia® 
sesaient of the 19S2 Auttgaotive Titchnology 
Dave loifflfflttt /Coat lactors ' Coordittatlon Keetiag, 
October 25-28. 1982, in Dearborn. Hlchigan. 


the HOD I engine; power and efficiency; materials 
and component development, including the use of 
ceramics; engine domsizing and packaging; hydro- 
gen containment and Its effects on durability/ 
reliability; jind msltlfuel capability. 

THE MOB I RIGINE 

The MOD I engine is the backbone of DOE's 
program. It is an engine which has been designed, 
built, and is now being tested within the DOE- 
funded prograia. The DOE now has four of these 
engines under testing. Two are at United 
Stirling of Sweden (USAS) - one is used for com- 
ponent develo|3«t{!nt and another for durability 
testing. A third engine has been Installed in a 
test vehicle and is used for transient perform- 
ance and control testing at American Motors 
General. The fourth engine was built at 
Mecikanlcal Technology, Inc. (MTI) with many 
coa:poncnts that were manufactured in the United 
States. MTI is using this engine for component 
developsient . 

To date, under DOE program-sponsored testing, 
the total accumulated engine hot running time is 
over 1,300 hours, based on the results of testing 
an earlier design, the P-AO. the MOB I engine is 
an la-proved design which has resulted in increased 
reliability. 

POWER AH) EFFICIEKCY 

Th« power and efficiency leeasured in the 
testing arc very repeatable and agree well with 
the predictions frtas analytical ccKajputer models. 
All major program mllestoivea Inclteding steady 
state and transient engine characterization have 
been met on mcttedule. The transient testing, 
which incUidea the U.S. Bnvirosxmntal Protection 
Agency’s {E3*A's) CVS cetissioas artd fuel ecouo^ 
testing, has yielded predictable and repeatable 
results. 
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MATERIALS AND COMPONENT DEVELOPMiaiT 


DOWNSIZING AND PAQUCIIK 


Both the P-40 and MOD I engines have heater 
heads nade from the saiae materials. The cylinder 
end regenerator housings are inveetment cast from 
Baynes Stellite 31> a cobalt-base alloy, and the 
tubes are made of Multiset N15S which has a high 
cobalt content. Both engines are intended to 
operate at a heater head temperature of 720°C. 

The current component development is 
directed at upratlng the MODI I engine by in- 
corporating cotaponents with improved technology. 
Tills effort is called IK>D lA and is scheduled to 
be tested on an engine In April 1983. An impor- 
tant feature of the MOD lA is the Incorporation 
of low-cost, nonstrateglc heater head materials. 

For example, the MOD I engine contains ap- 
proximately 22 pounds of cobalt. The MOD lA will 
contain no cobalt, and its heater head tempera- 
ture is designed for a 100°C increase to 820°C. 
Tlie selected casting material is XF818 and the 
tube material la. CG-27. These materials viere 
qualified by tearing in a P-40 engine for 
1,500 hours at 8i20*C. 

CERAMIC MATERIALS - The topic of ceramic 
materials is very popular today in the circle 
of advanced heat; engines researchers/engineers. 
The use of ceramics has been encouraged prlaatily 
by the gas turbine Industry. The adiabatic 
diesel is also very attractive. Hie Stirling 
engine development program is in a position to 
take advantage of this exploding technology and 
is actively seeking nevi research projects in 
ceramic concepts for application to the automo- 
tive Stirling. Three .such projects are described 
below: 

© The National Aeronautics and Space 
Administration (NASA) issued a Request for 
Proposals (RFP) in July for a Ceramic AuCo- 
laotive Stirling Engine Study. Proposals have 
been received aud .re in the final stage of 
the evaluation ]>rocess - two proposals are 
being given strong consideration at this 
time. The selection decision is expected 
in the very near future. 

® An open cell silicon carbide (SiC) 
foam material is being evaluated for a 
regenerator matrix material. Rig testing 
to date indicates that this material will 
perform better than the fine screen material 
currently in use. The cost of this SIC 
materials is predicted to be one-tenth the 
cost of the screen. 

© Tlixs item is a direct result of a 
gas turbine devislop».ent. Coors developed 
a ceramic gas turbine air preheater for a 
Gena IS 1 Motors (GM) turbine which looks very 
pr<K9lfiis»g for a Stirling air preheater. KXI 
is pr«»paring to rig test sarjple test sectlosis 
tif this technology, and if their rig tests are 
positive, MXI 15 planning for Coors to develop 
cerasslc alt prelfieaters for the Stirling engine. 


During the past year, MTI has been studying 
the downsislng of the automotive Stirling engine. 
Their study focused on a 45~horsepower engine for 
a 2,S00-pouoil test-weight car. The results of this 
conceptual design study confirmed that there are 
no i^Jor probleas in downsizing. The engine con- 
figuration si:lected packaged very well into a 
front-wheel drive Chrysler K car. The engine's 
specific weight was estimated to be 4.3 pounds 
per horsepower. Emphasis was placed on mechanical 
design to reduce cost, and it is apparent that the 
cost of the existing reference engine could be 
reduced considerably. Ihe results of this dovm- 
sized engine study are being incorporated into an 
updated reference engine design which will be 
completed in March 1983. 

HYDROGEN CaSTAINMENT 

The goal for hydrogen (H 2 ) containment is a 
6-month period between recharges. Toward this 
end, the program continues to address three major 
areas concerning the control of H 2 leakage: reduc- 
tion of diffusion of H 2 through the heater head 
Cubes; reduction of piston ring friction and wear; 
and Improvement of piston rod seal durability. 

By doping the H 2 charge with IZ carbon dioxide 
{CO 2 ), program researchers have reduced H 2 diffu- 
sion through the heater head tubes by a factor of 
30. Sound progress has also been made in the 
area of piston ring development. Friction and 
wear have been reduced by a factor of 2 in rig 
tests and engine tests are expected to confirm 
this. 

The third area concerning H 2 containment, 
piston rod seal durability, has received a lot 
of attention. The current engines are using a 
pumping-rlng-type sliding seal developed by USAB. 
This seal has shown good results In steady state 
durability testing, but its durability has been 
somewhat erratic in autouioclve driving cycle 
loading. For the last few years, the program 
has been supporting tundaissncal studies on 
sliding pmaping seals. It appears that these 
studies are now beginning, to produce fruitful 
results. Analytical models of pumping ring 
seals are being used by researchers to under- 
stand how these seals work and how to design 
new seals. Iffl's rig testing of a new seal has 
yielded sums very promising results, and MTI is 
optimistic that it is near a major advance in 
the connecting rod seal, 

MULTIFUEI. CAPABILITY 

About « year ago, a P~AQ was tested at MTI 
using five different fuels: coraiercial low-lead 
gasoline, stiale-oil-derived marine diesel, lOZ/ 

902 alcohol/gasoline, experimental referec- 
broadcut specification aviation turbine fuel, 
and cosiBK^rclaX anto!9»tlve diesel. No hardware 
changes were made to acc<»«ao4ate the different 
fuels. All data were collected under steady 



state conditions with a total accumulation of 
80 hours of engine running time. The tests 
concluded that the engine runs well on each 
of the five listed fuels, and the performance 
using each fuel is similar. 

INDUSTRY EVALUATION 

In addition to the projects in ceramics 
research previously described, a comprehensive 
industry testing project is currently going 
through the DOE procurement approval process. 

The project, entitled "Industry Test and 
Evaluation of MOD I Stirling Engines," has been 
established to provide Independent testing and 
evaluation, by the automotive industry, of the 
developing Stirling technologies. 

This project is expected to; (1' enhance 
the transfer of these technologies to U.S. 
Industry; and (2) to provide a mechanism for 
the feedback of Industry suggestions and recom- 
mendations into the mainline technology devel- 
opment efforts. 

To carry out this project, two additional 
MOD I engines and appropriate spare hardware 
will be fabricated and delivered to the Govern- 
ment. These engines will then be loaned to 
qualified automotive companies for their 
independent testing and evaluation. 

For purposes of this task, qualified auto- 
motive companies are defined as: (1) a major U.S. 
domestic automobile and/or light-duty vehicle 
manufacturer or an automotive and/or light-duty 
engine manufacturer, (2) owning or having access 
to appropriate engine test facilities in the 
continental United States, and (3) having the 
engineering and technical staffs required for 
engine development testing. 

The test and evaluation efforts will be 
carried out by automotive company personnel at 
automotive company expense. The Government, 
through amendment to the MTI contract, will 
furnish the engines and provide the necessary 
training of comp>any personnel in MOD I engine 
safety and operaiting procedures. The automotive 
companies will be asked to provide a written 
report of their evaluations and recommendations 
to the Stirling Engine Project Office so that 
any appropriate modifications can be made in 
project activities. 

BUDGET STATUS 

The doe's Automotive Stirling Engine Tech- 
nology Development Program has been administra- 
tively as well as technically successful. The 
program has proceeded on schedule and within Its 
financial tsaans during a time of uncertain and 
shrinking budgets in both public and private 
sectors. Currently, the Stirling program is 
operating under a continuing resolution; the 
DOE does not, aC this time, have official 
Congressional rasrks or appropriations. How- 
ever, recommendations by the appropriate 
Congressional coisilttees for continuing the 
program vary between $12 million and $15 mil- 
lion for Fiscal ’'ear 1983. 
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_AB§XEAGsr 

The Stirling engine is shown to 
be an ideal choice for a solar plant. 
Solar dish systems are de.scribed and 
the elements of module efficiency are 
given. The United Stirling 4-95 en- 
gine background and the four required 
solar modifications are described, 
including lubrication system, induc- 
tion alternator, control system and 
receiver. Past and present solar 
dish programs are outlined and recent 
solar engine test results from Georgia 
Tech and Edwards, CA. ate given. An 
overall module efficiency of 27.8% 
was achieved. Finally, manufacture 
cost estimates ate presented. 


THE STIRLING ENGINE is an ideal choice 
for a solar pow«; plant because it 
operates at high efficiency and from 
and external heat source. John Eric- 
sson designed the first solar powered 
Stirling engine over 100 years ago. 

He used a concentrating mirror, which 
was fcent pointed at the sun, with the 
engine's cylinder at the focal plane. 
Engine thermal efficiency estimated 
from catalog dat- was about one per- 
cent. 

Today we coosbine the engine and 
the concentrating mirror in essentially 
the same way Ericsson did. The differ- 
ence is that the power density of the 
engine has increased three orders of 
Eisgnitude and its thetraal efficiency 
now exceeds 38 p«srcent. An obv*ious 
rule is, the higher the engine effi- 
ciency, the smaller the mirror., Since 
the mirror syst^a— termed the para- 
bolic dish — 'is several times His>re ex- 
pensive than the engine, thermal effi- 
ciency has a leverage effect on over- 
all cost. 


SOLAR DISH SYSTEMS 

Presently, the point focusing 
solar dish systems utilize parabolic 
concentrators ranging from about 6 to 
15 meters in diameter. The concentra- 
tor is mounted on a two-axis tracking 
mechanism that allows it to accurately 
follow the sun throughouc the day. 

Each dish furnishes concentrated solar 
energy to its own individual receiver 
and power conversion unit (PCU) , in 
contrast to central receiver systems 
which ®nploy a field of reflectors 
(heliostats) to concentrate solar en- 
ergy into a single receiver located on 
top of a tower. The dish system is a 
modular or distributed system. Where- 
as for the central receiver systems the 
entire field and tower must be c(xsplet- 
ed before generating power, the modular 
dish system has the potential to furn- 
ish power as soon as the first dish is 
installed. For the near term applica- 
tions, the PCU will drive an induction 
generator and the modules will supply 
electric power to a utility grid for 
oil and gas displacement and peak 
shaving. In the future, stand-alone 
applications will be considered, such 
as for small villages, islands, indus- 
trial and military installations. 

Solar dish systm efficiency, from 
solar input to electrical power output, 
is the product of concentrator effi- 
ciency, receiver efficiency, net PCU 
efficiency (auxiliaries included), and 
generator efficiency. If the PCU is 
the Stirling engine, the resultant 
overall efficiency ranges from 26 to 
28 percent, based on state-of-the-art 
technology. Hith iaproveeients in re- 
ceiver. engine and generator designs, 
overall efficiency Is expected to ex- 
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ceed 30 percent in the near future. 

Additional benefits of the Stirl- 
ing engine in a solar dish pouer sya- 
tera include: thermal efficiency in- 

sensitive to engine size and rated 
pouer: excellent part load perfor- 

niagtce; the hybrid option — the poten- 
tial to operate under cloud cover and 
at night by means of fossil fuel com- 
bustion uith a special receiver: all 

cotsponents mass producable--a vital 
consideration for system cost reduc- 
tion. 

TOE 4-95 SOLAR STIRLING ENGINE 

BACKGROUND - The solar Stirling 
engine has its roots in Che United 
Stirling development program going 
back to 1972 uhen Che decision uas 
etade to concentrate on four cylinder 
double-acting designs, rather than the 
classical displacer type. Double- 
acting engines have proven to be light- 
er, more compact and less costly cosa- 
paced to multi-cylinder displacer en- 
gines. 

In 1975 a new four cylinder double- 
acting 40 kW engine uas designed and 
first tested in 1976. Originally term- 
ed the P40, it is now designated the 
4-95, having a displacement of 95 cc/ 
cylinder. The design objective was to 
achieve a reliable experimental engine 
for the development of specific com- 
ponents. 

A cross section of the 4-95 engine, 
cH]uipped with its external combustion 
system, is seen in figure 1. 

T^nty-fiwe 4-95 engines have been 
built for in-house use, as well as for 
testing by govssrnaent and private or- 
ganizations in this country, Britain, 
Franc®, and tfesst Gerssny. An earlier 
version of the engine also played a 
key role as the baseline engine in Che 
BOK/HASA ASE program. As of September, 
total test time for all 4-95 engines on 
dynaiioaaters and in desMastration pro- 
graits exceeds 29,500 hours. The longest 
time on one emine is 11,500 hours. 

The 4-95 has been tested in such 
varied applications as iu generating 
sets, passenger cars, a van, heat pu$sp 
drive end « eubiaersifole. Its heat 
sources have included gasoline, dies'-el 
fuel, methanol, natural g®s, wood cl ips, 
bior^ss gM atkl solar energy. 

C0Srt?EtSI0?S FOR SOLAR APPLIC'CTIOMS - 
Modifications to tfe© 4-95 cngina for 
solar applicatllone during 19ll0-8A coe^- 
sisted mainly of th© r®sov«l of c<®ibu«- 
tion system coatponeuts, rather than 
developing new ctramnents. Figure 2 
shows «j cross liection of the solar 
Stirling engine. As can be seen in com- 


parisoo with f ieur* 1, the solas vex*- 
Sion is virtually a **nsb«d" engines 
It In nfis^le evea in eonq^ison to at. 

IC «ngi(ye» not requiting a valve nedi- 
anifiSk,;''''in 3 ecition'- aystesi or igntrfocE' 
eystssa. This ainpliciM results in for 

t reater reliability. Tn« solar engine 
Qes not neoi any of the follouiii^ 
major cosqtonents, essentisl toi tlie cots- 
buscion systffiB, which are the main 
source of oainteoance probleinn: 


Blower drive gear 
Air preheater 
Co«5buecicm chasabcr 
Fuel nozzle 
Turbulator 
Coebuntion blower 


Igniter 
Fuel poinp 

Air atomlxing pts^ 
Fuel/air controls 
Mission controls 
Air . fuel, exhaust 
ducts 


Each of the above 12 it<m are 
assasblien, ci^prised of many parts. In 
addition, the solar engine driven access- 
ories include only a water The 

efficiency of the solar engine is hl^er 
chan the fossil fueled engine because 
of Che absence of parasitic losses as- 
sociated with the ceo&ustion air blower 
and variable speed drive gear. The cowi- 
bined advantages of fewer parts, higher 
efficiency and greater reliability in- 
creases the cose effectiveness of the 
solar Stirling engine. 

Specific modifications to the 4-95 
engine for solar power have included: 

1) the design of a "dry simp** lubrica- 
tion system suitable for inverted opera- 
tion, 2) integration of an induction 

f enerator with the engine, 3) a siEmli- 
ied control syst», and 4) the design 
of a “aolar-oaly" receiver and essgine 
heater (solar absorber) to match the 
solar flux pattern from the conc<mtra- 
tor. Items 1 and 2 were done under con- 
tract from JPL in late 19S0. lt<ns 3 
and 4 were initiated and funded by 
United Stirling, beginning in I9®i. 

The lube feat ion system changes for 
Inverted operation included mchining 
nuwroue holes and slots to fom oil 
drain passages in the crankcase bttlk- 
heads. To further assure dry opera- 

tion under dynsaie coaditiona, a® exter- 
nal Kcawenglng pissp was installed, driv- 
en from on® of the craakshafea. Th® ea- 
terml pressure lubrication pw^ was 
fitted adjacent Co the acavenge pump. 

An external oil drain tank was ittifttalled 
below the lowest drainage point con- 
nected to crankcase outlets by short 
pip®®. 

The g(»serator was based on e eosi- 
mstcial 3 ^ase, 25 kV iisduction aotor 
of recent design. An induction raotor 
operates as a generator without assy 
KMifications, if connected to a grid. 



FIG. 2 - SOI^ SnRI.Il«; ESGIKI! 






t^en its speed sli|^tly exceeds syi>> 
croaeus speed (1800 rpsi). The grid 
establishes the voltage and frequency 
and also provides the excitation. Pea& 
efficiency is about 93 percent. It is ^ 
driven directly from the et^ine through 
a flexible coupling, and was ince|prated 
with the engine crankcase by an alijasi'* 
nuss intercasing. The engine is sterted 
fre^ the grid by the induction Rschine, 
when the beater temperature reaches 
about 500OC. Power factor is corrected 
to about 0.95 by capacitors. 

Control system changes were mainly 
directed at simplifyinfi the autoaotlv® 
controls. The principle of controlling 
eisgine torque by varying Bean gas pres- 
sure was again continued. Uhereas in 
a combustion engine the heat input is 
controlled so as to follow the load 
changes, in a solar engine the heat 
input (insolation) cannot be controlled. 
Therefore, engine power must be adjustesS 
to match the solar input at all tiiaes. 
This is dorse in two ways. First, engine 
speed of 1800 r(m is kept constant by 
the induction alternator when connected 
to a 60 He grid, and the alternator 
matches output current to engine torque 
fro® idle to full load. Second, the 
output frcH!? thermocouples on the heater 
Cubes, in conjunction with an electronic 
digital control unit, actuates solenoid 
gas valves to maintain constant tcapere- 
ture by increasing or decreasing torque. 
If the heater temperature exceeds a set 
point (about 720OC), a valve admits 
additional gas (hydrogen or helluia) 
which increases torque (and hence power) 
to reduce the temperature. Conversely, 
with a decrease in t«fflp®rature, a second 
valve allotjs ga® to bs pmiped back to 
a storage bottle. Should the engine 
overspeed, due to a loss of grid for 
e3s>®ple, a third solenoid valve acts tc 
short circuit the engine working spaces 
which drops torque In a fraction of a 
second. The electric valve system does 
not have the very fast response of the 
autostotive hydraulic-servo control, but 
it is a lower cost syst« sad quite 
adequate for the slower Input variations 
frees a solar concentrator. Figure 3 
shows a layout of the control systesi. 

The solar receiver is considered by 
United Stirling to be an integral part 
of the eogine. In the case of Brayton 
or Kankine cycle machines th® receiver 
is usually orasidered as a separate com- 
ponent. This is also possible for the 
Stirling if an icteraediat® heat trans- 
fer loop wet® used--a sodiiaa heat pip® 
for ®xfi«*ple. Th® present solar-only 
Stirling receiver consists of the follow- 
ing three major coasponents: 





IX Tbe iMWCffif Md . 

slioHb ilk, ffgilff*:' aaif- MMMttiiiMi’H 
th» receiver iwlif*. ehfsfr 
l^«t wdiniger' w- few®! 

iming.* lit 

on. the. mmmrn: os , 

Is B»' er«awffei-x^ 

The 'engini^BOcklSig'^ ipts , hydinswett- OT ' 

. ll' coad:«f»««:' wlfcuJtt the tabe**- 
inctpal chwsa^; io the heetec aw 

to th® etendterd «utta«®tive 

heatet' ef?« m inerease in diamtec f«<H» 
aboub to 4eClieii end reai^vel of «H 

£inn«<3 sue faces. 

2> The receivec cavity aurroonaing 
the enigiae haastotr Mhich ccaasiste of e 
sheet metal bousing with interiust 
"white** insulation shaped to prevent 
radlatiwit and conduction losses. 

3) An torture plate or cone which 
is located at th® mouth of the receiver 
cavity. It has a r<Kmd aperture of 
about ZOOts® di»et®r at the focal plaam, 
which is about 30lta from the e^s of 
the beater cenee. The aperture Is sixed 
to capture approximtely 99% of the 
focused solar bem and hence minliatae 
radiation and convection losses. Tine 
solar rays, after passing through the 
aperture,, diverge to produce a uniform 
flux distribution over the heater tube 
surfaces,. In the ideal case. Solar in- 
tensity on the heater surface is about 
6C watts/cB^ (admit 600 suns) when in- 
solation is 1 

AIm shown in figure 3 is an art- 
ist's restdition, of tne complete solar 
Stirling powet^ant including the 4-95 
engine, ieduetton g«H»erator ai»{ receiv- 
er, in its orientation at the solar xen- 
ith. 
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SOLAR DISH PROGRAltS 

Interest by United Stirling in 
solar theneal power began in 1976 as 
a result of Internal studies of future 
markets for Stirling engines. Th i ffi 
marketing strategy was reviewed at the 
Fourth International on Auto- 

KiOtiwe Propulsion Syateas, in Anril 
1877. It was concluded that solar en- 
ergy was high on the list of attractive 
applications. 

In August, 1977, BOK nafiwsd JFL tft 
manager of a ptogrswi to develop solar 
point focusing parabolic dish technol- 
ogy. The asslgimnt also included' in- 
vestigation of various power converaioa 
unite. MASA-Lswis was aned to support 
the power' conversion area. 

IXH spoasoeed solar activities 
with United Stitlii^ have included: 

l) A RASA study in 1979 of a 1$ kH 
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kinematic solar Stirling engine opti- 
mised for design, performance and coat. 

2) A JPL contract in 1980 to mod- 
ify a 4-95 engine for inverted opera- 
tion and integration of the engine with 
an induction alternator and a hybrid 
(solar plus gaa fuel heated) receiver 
designed and constructed by Faitchlld- 
Stcatos. The cos\plete PCU was tested 
on the JPL Test Bed Concentrator (TBC) 
at Edwards, California in 1981. 

United Stirling in-housie funded so- 
lar activities have included: 

1) ModilEication of another 4-95 
engine for inverted operation and in- 
tegration with a solar-only receiver 
and induction alternator. The PCU was 
tested at the Georgia Tech solar facility 
in 1981, to W described later. 

2) Further modification of the above 
4-95 engine to include a digital power 
control system and an improved engine heat 
eKchanger (solar absorber) . Testing of the 
PCU at Edwards during 1982 will be describ- 
ed later. 

The Eost recent solar program, now in 
progress, involves a cost snaring contract 
between DOE and a team of 8 contractors, 
including United Stirling. It is termed 
the Vanguard project and is aimed at the 
development of a ccwimercial prototype dish- 
Stirling module to be installed at Palm 
Springs in 1;)83. The contract also calls 
for msrlretinji and engineering studies of 
mulCi-Bsodule farms. 

In the 1977-79 time frame, DOE appar- 
ently believc*d the preferred ranking for 
solar heat engine cycles was Rankine first. 
Bray ton second and Stirling third, based on 
what they perceived was the state of devel- 
opBsent for siiall powetplants in the 15-25 
kfe range. Today the order has been prac- 
tically reversed. Total running time on 
solar dish powetplants is, for Stirling 
360 hours, for Rankin© 33 hours, while the 
Brayton is scheduled to start running in 
January, 1983. 

i?bat hflis happened to change the pic- 
ture? First, th® state oi: Stirling devel- 
op®@nt overseas at United Stirling wm not 
well known, sad th® state of develogeeat 
of sijsall Brayton and Rankin® cycle tur- 
bines was staswhnt overestimated; and se- 
cond, in 1980, United Sfcisclisig E>sd® a 
strossg comitMnf t® pwer as th® 

primary target for ccsaaerclsl developmat 
of their eajjin®®. Peoduefciois ©f th® ifsodel 
4-95 solar <£agiffi® is espected t® begin in 
19S4. 

UHITID STIRLIBG SOME TlSffS 

cmClA TECii - Th© Georgia Tech solar 
sit® is a swell central receiver system 
comprising a field of 550 glass mirrors. 



each 3 feet in diameter. The Birrors 
track the sun and focus onto a 70 foob 
hirf* t<^r platfocB. In 1981 Onlted- 
Stlrling contracted to tfesfc ja 4-95 w- 
gine Inverted ost the plsftfirtSa with the 
Induction generatot connected to the_ 
Atlanta grid. The ptogta» was intend^ 
to parallel the JPt progra» and provide 
experience with aeveral solar-only re- 
ceivers recently designed at United 
Stirling. In spite of weather problems, 
this pioneer lag effort in BOdetn solar 
electric power accomplished its goals. 
After adjustment of the system^ over 18 
kW was fed to the grid on Hovessber 18. 
Achievements of the program Included; 
Three solar-only engine heat exchangers 
were successfully tested for the first 
time under sunlight intensity roughly 
equal to that from a parabolic dish con- 
centrator; the 4-95 solarized engluo 
proved itself in the solar environment, 
performing as designed with automatic 
temperature control and without requir- 
ing maintenance during the 35 hours of 
test running. A total of 175 kH hrs 
were fed to the grid. Tlje 4-95 engine 
on the tower platform is shown in figure 
5. 

£»¥ARDS. CALIFORBIA - In 1982 
United Stirling and JPL agreed to cost 
share a test progrma, with JPL supply- 
ing the TIC and United Stirling a 4-95 
©•igine similar to th® one tested at 
Georgia Tech. Testing was to be done 
at JPL*s Parabolic Dish Test Site lo- 
cated at Edwards Air Force Base in the 
fkjjave Desert, California. The TBC is 
an 11 meter di^sseter dish, constructed 
of 224 individual mirrors (facets) 
which are mounted on a steel truss 
framework. It is shown in figure 6. 

Each mirror has a spherical curvature 
and can ha adjusted to optimize the 
solar flux pattern for a particular PCU. 
In the case of the 4-95 engine this was 
done so as to match the heat exchanger 
surface and avoid spillover beyond the 
outer circle as well as on the 
center conical plug (see figure 2). 
tilth all facets uncovered, the TBC can 
deliver as high as 8D k¥ through a 200 
Bsa aperture. 

Es^;ine testing has been going on 
since January, except for interruptions 
resulting from other JPL scheduled 
activities with the TBC. including flux 
mapping, realigesetant of facets, and 
testing of beat resistant materials in 
th© fcscel zoo®. 

Til® engine test program ha© in- 
volved comparing and measuring engine 


o for two solar heat exchangers 
o for two electronic control sys- 
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tenJB 

o for two gases 
o for several facet alig;ameats 
o for several receiver positions 
o for a range of heater t^perat- 
tures 

Figure 7 la a view of the solar 4-95 
with receiver a*id generator ready for In- 
stallation In the TBC. 

The only engine related forced out- 
ages In 360 hours of running have been a 
fatigue failure of a piston rod at a mis- 
aligned hole, and a leak In a heater tube 
at a welded seam— current practice Is to 
use only seamless tubes. Baric engine 
availability, dcifined as the ability to 
start running when scheduled, weather 
permitting, has been very high— exceed- 
ing 98 percent. Bo leakage problems 
with the PL piston rod seals have 
occurred and the cylinders have remained 
dry and free of oil. This is particular- 
ly significant since the seals are oper- 
ating from nearly horizontal to nearly 
inverted, in contrast to the vertical 
orientation of the combustion type en- 
ginas. 

The engine has been tested on both 
hydrogen and helium on the TBC, although 
hydrogen is preferred because of slightly 
better performance. Performance high- 
lights on hydrogen Include: 

o 25 kW electrical output at nor- 
malized insolation of 
o 27.8 percent overall conversion 
efficiency 

o 250 kW hours generated in one day 
o 13.5 hours operation during July 
day 

o 35.9 percent PCU efficiency * 
electric o utput to grid 
tKefmaT'Tnput tcTKeatisr 

Figure 8 includes 3 sample plots of 
data from a July te.st showing insolation, 
power output and heater tube temperature, 
over one day. the horizontal marks ate 
two hour increments. The oscillations 
in power in the morning are believed to 
be due to wind blowlijg into ttse open 
aperture which increases convection loss- 
es. Studies and tests are being made of 
special fused silica windows to reduce 
convection and radiation lo, &os frosi 
the receiver. 

Figure 9 is a bar graph illustrat- 
ing power level** and efficiency break- 
down for the c<K;iplete module. The en- 

t ine being tested at Edwards has been 
esignated by United Stirling as the 
Solar I design. Planned continued devel- 
opsent aims to upgrade the Solar I en- 
gine in terms of durability and reduced 
manufacturing cost. The upgraded engine, 
lediich is intendtsd for high volwe pro- 




ductloa is called the 4-9S Solar II mt* 
gine. Curteiit: dcvelopneot plans will 
result in prij^uetion prototype drawings 
of the Solar: II eaglnea by Rovenber 
1982 and start of testing of production 
prototypes by June 1983. 

Current testing at Edward 'a test 
station of a 4-95 baseline solar engine 
will continue tbrou^ the end of 1982 
to support tbe design of the Solar II 
engine. 

COST OF DISH/STIRLIHG SYSTEM 

Production cost studies of the 4-95 
engine have lieen made on a nearly con- 
tinuous basis at United Stirling over 
the past 4 years. Additional 4-95 en- 
gine cost studies have been made by JFL 
and Pioneer Engineering of Detroit. 
CcHaplete manufacturing dociaaentation has 
been prepared for the solar engine. 

During the past year, manufacturing 
cost studies of several proprietary 
solar dish designs have been made by 
Pioneer &jgineerine for a production 
rate from 106 to l(w,000 annual volume. 

Conclusions from the various stud- 
ies indicate that a complete solar 
Stirling/dish systea can be sold to a 
utility customer for under $1800/kW, 
installed, in 1982 dollars. Levelized 
busbar energy costs are estimated at 
about 12 cents/kij hour. In the initial 
stages of manufacturing and marketing 
it is expected tb.^^: third party finan- 
cing will he used, and that both new 
equipment tax credits, as well as, fed- 
eral and state solar tax credits will 
benefit tbe financing of solar programs. 

Engine production is expected to 
take place in both USA and in Sweden. 
Final manufacturing plans will depend on 
economic conditions at the time. Tiiis 
year United Stirling has been cooperat- 
ing with E.F. Hutton & Co. to locate a 
U.S, joint venture partner for the 
co?fflercialization and marketing of the 
system known as tbe Parabolic Dish 
Stirling Module. 
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UG. 7 - SOLAR <ECEiVER AND 4-95 EMGINE 



FIG. 8 - INSOLATION, TOMER ASB TKtIPERATUKK FROW 
JU1.Y TEST 
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ABSTRACT 

This paper presents a brief overview of the 
heat-activated heat pump technology development 
program being carried out by Oak Ridge National 
Laboratory (ORNI.),, for the Department of Energy's 
Building Equipment: Research Division with 
emphasis on the Stirling engine technology 
proieccs. This paper 1) reviews the Biajor 
projects as they veto fonmilated and carried out 
under the previous "product development" guide- 
lines, 2) discusses the revised technology 
development focus and current status of those 
iBajor hardware projects. 3) presents our a*.sess- 
taent of the key issues involved in applying 
Stirling engine technology to heat pump equip- 
ment, and 4) describes the approach and planned 
future activities to address those issues. For 
completeness, the paper also includes brief 
descriptions of two projects in this area sup- 
ported by the Gas Research Institute (GRl) . 


HEAT-ACTIVATED HEAT PUMP DEVELOPMENTS 

At ORNL we have been conducting inhouse research 
on heat pumps since 1976 and since 1978 wo have 
been assisting DOE in managing a contracted R&D 
program involving advanced residential and 
coBiaercial heat pump technologies. A major 
portion of the DOE/ORNT. contracted R6D resources 
has been allocated toward development of heat- 
activated heat puBps. The rationale for this is 
based on the potential fuel efficiency throve- 
merit such a product could offer In coiBblnation 
with a large market potential. 

PROGRAM RATIONALE AI® PROJECT MAREUf - Con- 
ventional combustion heatliig equipment (gas or 
oil furnace, for example) currently achieves 
about 75% efficiency and, wSwk developed to its 
ultlisate potential, can approach but not exceed 
100% efficiency. Heat-activated heat pustps, of 


which the gas-fired heat pump is the predominant 
example, offer a potential heating coefficient 
of performance (COP) exceeding 1.0, that Is, 
delivering a heating effect greater than the 
heating value of the Input fuel. A gas heat 
pujp currently envisioned as a typical 1990' s 
residential product should use 30 to 50% less 
gas than the advanced gas furnace, as illustrated 
In Fig. 1. 

With regard to market potential, about 547 
of the nation's 75 million homes are heated 
using natural gas, as shown in Fig. 2. Furnaces 
and other gas heating appliances generally have 
a 15-20 year life expectancy, which creates a 
continuing repdaceaent/retrof it market of about 
a million units per year. With addition of new 
homes, the potential market in residential 
heating alone is estimated at approximately 1.5 
million units annually. With the cooperative 
support of the gas utility industry, the gas 
heat piuap is emerging as an important option for 
Improved fuel efficiency in residential and 
coimercial buildings in the 1990' s If its 
viability in the marketplace can be established. 

There are two basic types of heat -activated 
heat pumps. The first use* an absorption cycle 
and the second replaces the electric tsotor of 
the conventional electric heat pump with a 
fueled prisde isover (engine-driven). Of course, 
one of the key advantage.s of the heat-activated 
systea is that In the heating mode, waste heat 
can be recovered to augaent the heating effect 
produced by the heat putsp cycle, as shown in 
Fig. 3, thus increasing the heating capacity and 
COP signlflcaatly. In most cases, systems 
developed for use with natural gas can also be 
oil-fired with appropriate isodlfications to the 
combustion system. 

Development projects to date have included 
two obsorptiois atsd four best engine-driven heat 

cor.cepts. The getteral strategy when these 
major projects ware selected Involved supporting 


Itesearch sponsored by the Office of Building Eneigy Research and Dev«tlo|^nt, D.S. Department 
of Energy, under contract lS-7405-eng-26 with the ISaloa Carbide Corporation. 
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different concepts with differing levels of risk 
and ultlBiate perforraance potential. Absorption 
heat pump technology was viewed as being more 
well-established and, thus lower risk, because 
of similar coimierclally available equipment 
(l.e., absorption chillers and gas air condi- 
tioners). However, it offered only moderate 
fuel efficiency improvement. Heat-engine-driven 
technology, on the other hand, seemed to entail 
higher technical and business risk, but offered 
iBore dramatic performance gains. Table 1 com- 
pares the assessed risk and efficiency objectives 
for the concepts selected for nuijor prototype 
development efforts. 

REVIEW OF PRO-fOTYPE SYSTEM DEVELOPMENT 
PROJECTS — The absorption heat pump prototype 
development projects are summarized In Table 2. 

One of these systems, developed by Allied Corpor- 
ation and Phillips Engineering Company, uses an 
unconventional organic-fluid working pair: EXFE 

(ethyl-tetrahydrofurfuryl ether) as the absorbent 
and R-133a as the refrigerant. The second absorp- 
tion project, a heating-only system developed by 
Arkla Industries, Inc., utilizes ammonia and 
water as working fluids and employs technology 
used by Arkla In an existing line of residential 
gas-fired absorption air-conditioners. As indi- 


cated, both of these development projects have 
been carried out successfully through laboratory 
prototype testing. Both projects yielded proto- 
type hardware which achieved the target heating 
COP of 1.25 in laboratory testing. In contrast, 
the two heat-cBglne-drlven projects selected 
early for prototype heat punq> system development, 
l.e., the Stirllng/Rankine and Brayton/Ranklne 
projects, have experienced serious technical 
problems and have thus far failed to achieve 
their prototype performance targets. The two 
projects are sunmarlzed in Table 3 

The free-piston Stirling engine (FPSE) 
system developed by General Electric Company 
(Advanced Energy Programs Department, Valley 
Forge, PA), uses an inertia compressor integrally 
coupled to the FPSE such that the engine/ 
compressor asseiAly acts as a single sprlng/mass 
resonating system. As indicated, two iterations 
of prototype hardware failed to meet performance 
targets and current efforts are more limited, 
concentrating on technology development aspects 
of engine /compressor coupling dynamics and engine 
perfonaance diagnostics. 

The second heat-engine projects, scaled for 
application. In ccramercial buildings, is being 
developed by MResearch Manufacturing Company of 


Table 1. Comparison of performance potential and risks for BAHP concepts 


Concept /Techno logy 

.Assessed Risks 
(technical and business) 

Target COP'^ for 
Prototype Hardware 
<bea t Ing / cool tng ) 

Absorption cycle 
(single stage) 

Moderate 

1.25/0.50 

Gas- turbine -driven 

Moderate to High 

1.30/1.00 

(Bray ton/ Rank ine) 



Free-plston-St Irl Ing 
engine driven 

(Stirllng/Rankine) 

High 

l.bO/0.85 


■^Target fuel COP at rating point of 8.3*C (47*F) ai^lent for 
heating and 35*C (95*F) for cooling, where fuel COP is defl“ed as the 
heating or cooling effect divided by the energy value of T.he f'lel used. 
Target values are steady-state, excluding parasitics. 


Table 2. 

Absorpt Ion heat pump 

projects 

Description 

Developer 


Ssaius/Accowp) ish'»ent.s 

® Organic-Working Fluids 
(R-l33a/E:rFE) 

Allied CoTporatlott^ 

a 

Lab prototype coaf>lete 

Single-Stage Cycle 

(Phillips Engineering 
.Major Subcontractor) 

a 

‘.chleved 1.25 heating 
caf^ 

• Heat ‘Cool 




• Residential 




® AsEjK'nia-water 

Arkla Industries 

• 

Lsb ^*9’ .>type complete 

Single-Stage 


• 

Achieved 1.25 heating 
C0S»* 

o Heating Only 




a Kesideotial 





"Allied project cosponsvTod by the Ges Research Institute. 

k 

“Fuel C(W at 3"C (47*F), Values are steady'^state teat resailts (excluding 
parasitics) for prototype hardware. 
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Table 3« Heat engine-driven syetens hear pump prototype projecte 


Description 

Developer 


Status/Accoapllehstenta 

• Stirllng/Rankine FPSE-driven 

General Electric*^ 

T«K> Prototype Iterations 

spring/iaass resonating 
engine coapressor) 

• Heat/Cool 


e 

Proto 1 system tested at 
1.2 copy vs 1.6 goal 



Proto 2 engine 7 percentage 

* Residential 


• 

points below goal of 32X 

Current UCC/ORNL project has 
technology focus 

♦ Brayton/Ranklne gas-turbine 

Garrect/AlReaearch^ 

• 

Brayton engine for proto heat 

driven 



pump 8 percentage points below 
’'cycle 

(high speed rotating engine/ 

(Dunham/Busch & Lennox 

• 

Proto system assembly for 

compressor assembly) 

Subcontractors) 


functional test 

• Heat/Cool 


• 

GRI project near-tern fo^us on 

• Consuercial (rooftop) 



engine Improvement 


*^GE project cosponsored by the Gas Research Institute through 7/82. 

^Garrett/AlResearch project cosponsored by DOE and GKI through 9/82 under a subcontract with 
Union Carbide Corporation through Oak Ridge National Laboratory (UCC/ORNL) . 


California, a Division of Garrett Corporation. 

The system uses a gas turbine (Brayton cycle) 
engine driving a high-speed centrifugal com- 
pressor through a magnetic coupling. Figure 4 
shows both the compressor and the Brayton engine 
side of •■hat rotating assembly. Figure 5 shows a 
nsoc.'.up of the complete engine assembly, including 
the combustor, recuperator, and sink heat 
exchanger. Prototypes of this combustor/engine/ 
compressor assembly have been fabricated and 
shipped to Dunham-Bush and Lennox for incorpora- 
tion into heat pump system prototypes. However, 
to date the prototype Brayton engine assembly has 
only attained a cycle efficiency of 19% versus a 
27% goal, despite extended testing and modifica- 
tion efforts. Therefore, as.sembly and testing of 
the prototype heat pump systems is being con- 
ducted more for operational checkout and to 
confirm hardware integration than for any 


meaningful system performance results. The 
UCC/ORNL subcontract with AlReseacch expired at 
the end of September 1982, but the project la 
being continued under the GRl contract. It is 
our understanding that GRI and AlResearch plan to 
defer the planned "Field Test" phase until 
another generation of prototype engine hardware 
is developed and tested at a cycle efficiency 
approximately five (5) percentage points above 
the current level (i.e., the prototype engi.-.e 
efficiency target revised to an approximate level 
of 24%). 

PROOF-OF-CONCEPT ENGINE/COMPRESSOR PR0J15CTS - 
In addition, there are two heat-engine-driven 
projects aimed at laboratory proof-of-concept 
engine/compressor testing or so-called "bread- 
board" systems rather than prototype heat pump 
hardware. The concepts involved were considered 
to be in an earlier state of development, without 


Om PHOTO 3759-80 



20 


osset PHOTO «03i-a? 


EMGIME ASSEMetV PICKUP 



Fig. 5 


sufficient "technology readiness" established to 
warrant prototype developsnent. These projects 
are sunuBarized in Table 4. 

The breadboard englne/compressor developESsnt 
by Consolidated Natural Gas Research Company with 
Mechanical Technology Incorporated (CKG/MTl) 
together with the GE Stirling/Rankine project, 
will be covered in sc'me detail in following 
sections f this paper. 

Tl>e free-piston internal cotabostion engine/ 
cOHspressor developiaemt by Honeywell, Inc. (Tech- 
nology Strategy Cente;r) with Tectonics Research, 
Inc. uses a two-stroke, loop-scavenged, linear 
free-piston engine, designated the Braun Linear 
Engine, direct-couple.d to drive the refrigerant 
compressor piston. Figure 6 shows a sectioned 
Braun Linear Englne/iiir compressor (the center- 
sect ion between the power cylinder and the work 
output/compressor cylinder houses a rack-and- 
pinlon type balancing laechanisa, which provides 
smooth, vlbration-frc:e operation) . Figure 
7 shows the refrigerant compressor being tested 
as a component (electric laotor-driven) . 

Perhaps the most: significant accomplishment 
under this project has be^ in the area of seal 
development. A proprietary hermetic bellows seal 
of infinite-life design has been demonstrated in 


dyoasLic testing on the engine and in the separate 
compressor component tests. The final proof of 
this concept involves ti_stlng of the integral 
englne/seal/cospt(>ssor assent ly under refrigerant 
conditions representative of heat pump service. 
The breadboard system for this testing is shown 
In Fig. 8. 

In addition to the heat-engine-projects 
being cosponsored by GRI anS DOE, GRl is sup- 
porting two other 0AHP projects, both Stirling 
engine-driven. Sunpower, Inc. is conducting a 
development project which involves a free-piston 
Stirling engine coupled to a Stirling cycle heat 
pump, the so-called Duplex Stirling HAHP concept. 
Vae Eiajor advantage of such a machine is that it 
can be hentietically sealed in a single pressure 
enclosure and uses a single coarmon working fluid 
in both heat pump and heat engine. A breadboard 
system test of the heat engine/heat pump assembly 
is scheduled for the near future. The other 
project Involves the use of a kinematic Stirling 
engine to drive a conventional refrigerant com- 
pressor. That project is being conducted by 
Stirling Power Systems of Ann Arbor, Michigan. 

APPRAISAL OF PRIOR HAHP DEVELOPMENT 
APPROACH — To sunsBarlre the heat-activated heat 
puii^ projects, our development experience has 


T&ble 4, Heiat-eaglne-slriven prooJ-*of-rettc«pt projects 
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confirmed the early aasessamt of the technical 
risks associated with some of the heat-englne~ 
driven concepts in coaparison to the absorption 
cycle concepts. But more inportantlyt it has 
illustrated the pitfalls associated with a “fast 
track" product developavsnt approach when there 
are still major technical uncertainties. In 
retrospect, a laare measured, sequential approach 
involving verification of prine mover perforiKance 
and engine/compressor integration before starting 
any work on the packaged heat pun;p system or 
attempting to analyse consumer acceptance seems 
to be a more prudent and cost effective approach 
than the one taken with the GE and AlResearch 
projects. Of course, there was considerable 
pressure in the late 1970's when those projects 
were started to .accelerate development and coss- 
Berclallzatlon of energy efficient, potentially 
viable products on the basis that the R&D Invest- 
ment would be quickly returned to the nation in 
reduced energy cisnsusmtlon. With that pressure 
reduced due to the present administration's 
different philosophy, the other two heat engine 
projects fwiiich were in an early stage In 1981) 
were restrictured to the present proof-of-concept 
engine/compressor developments. Decisions were 
also reached at that time to Initiate phasedown 
of the absorption projects and the AlResearch 
project. Therefore, the General Electric (GE) 
project is the only one originally formulated and 
carried out under the previous "product develop- 
ment" philosophy that has been restructured to 
continue as a technology development activity. 

STIRLING EKGINE-IORIVEN HAHP PROJECTS 

Attention will now be focused on the free- 
piston Stirling engine technology area. The 
reasons for our interest In this particular heat 
engine involve several aspects, besides its 
potential for high efficiency, which would make 
it particularly 'eell suited for HAHP application. 
First, the Stirling offers very low noise char- 
acteristics compared to a conventional Internal 
cosd)ustion (IC) engine, since there are no 


periodic exploalona Chat have to be Hiffled and 
no valve noises. Since it uses external cooInib- 
cion and la tlius more readily ausceptlhle to 
esfaausc clcannp, it offers low eailsaions. The 
free-piscon ceafignratloe also offers the 
apparent advanitage of pure linear motion with 
reduced side loads for low wear and long life 
potential. 

The follcwlng two sections describe our 
expericmces Co date with the free-piscon Stirling 
engine-driven developraeaC projects. 

GE PROWITPE DEVELOraEMT PKOGSESS AMD 
REVISED FOCUS - A chronology of the major events 
during the course of the GE de-relopoent work is 
presented in Wordsllde 1. The GE engine/ 
coaq>ressor configuration is Illustrated sche- 
nstically in Fig. 9, which includes a sumsary of 
Che principal characteristics and design features. 
Heat input provided by the gas combustor provides 
thermal energ}' to the Stirling engine working 
fluid, helium, through the so-called "heater 
head." The displacer shuttles Che helltaa between 
the hoc and cold spaces thus generating the 
driving pressure wave for the power piston. The 
cold space teaiperature is determined by the 
cooler, whii.h is water cooled. The regenerator 
provides thersial energy storage and (due to the 
large role of stored energy in this cycle) sxBSt 
have high effectiveness. The power piston is 
directly connected to the coispressor housing with 
the refrigerant being compressed by another free 
piston (compressor piston) reciprocating within 
the housing. This is called a linear inertia 
compressor. The engine displacer and tlM: engine 
power piston operate with a phase and displace- 
ment relationship that creates the Stirling 
tiiermodynamlc cycle, as stuMin In Fig. 10. The 
figure also illustrates the phase and displace- 
ment relationship of the compressor piston 
reciprocating within the housing. Another vari- 
able, the refrigerant condition, is controlled by 
the external conditions imposed on the refrigerant 
by the building load and outdoor anient condi- 
tions. Figures 11 and 12 are photographs of the 
first prototype (Proto 1) engine and compressor 
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Fig. 12 


kardvaire and Fig. 13 shows the fully-asseaibled 
prototype outdoor unit. Proto 1 test results are 
suI!»^larlzed In Wordsllde 2, together with early 
results fro® the second prototype (Proto 2) 
hardware. Because of the Proto 2 engine/ 
compressor performance results and the develop- 
Biant priority assigned to the performance improve- 
Bient efforts. Proto 2 system tests were never 
conducted. I.ack. of component testing capability 
for the engine (iiroved to be a disadvantage in 
diagnosing the ;>«rformance problems. Both the 
combustor and compressor were tested as components 
prior to Integraited testing. However, tlie engine 
perfori&ance could only be deternilned from inte- 
grated test results. The Proto 2 Integrated 
combustor/englne/compressor assembly in test is 
shown in Fig. 14. 

Wordslide 3i sunsBarizes the final Proto 2 
results and the conclusions reached subsequently 
regarding furthtx work on the GE configuration. 

The Phase III "l^echnology Development" subcon- 
tract with UCC/08KL focused on obtaining coib- 


ponent level performance data on the existing 
engine/conprcssor assembly. We still do not have 
sufficient data on hand, for example, tc reach an 
informed decision on the overall viability of the 
GE englne/cosipressor configuration and partic- 
ularly its dynaaic sensitivity. 

EliGIHE/COHPRESSOR DETElJOPMEirr WITH CKG/KTI - 
A chronology of the development project with 
Consolidated Natural Gas Research Co. and Mechan- 
ic-U. Technology, Inc. (Dffi/MTI) is presented in 
Wordslide 4. The objective of the current 
program Is tlie development of a diaphragA-coupled 
refrigerant co^ressor for eventual application 
to an advanced hermetic FPSE-driven HAHP. The 
project scope specifically excludes engine devtl- 
opi^nt and requires verification testing of the 
Engineering Model (^) FPSE performance as a 
co^onent prior to coupliitg the engine and 
compressor. 

The CSGtmi englne/coapressor configuration 
is illustrated schesEtatlcally in Fig. 15, which 
includes a summary of the principal character- 
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Istics and design features. FFSE operation is 
similar to that described for the GE engine, 
although there are certain design features 
considered proprietary by MTI. The costpressor 
and coupling concept, however, is completely 
different. In this concept, power Is transferred 
froB. the engine through a flexible sietal dla- 
plnagBs and hydraulic transiaisslon and delivered 
to the refrigerant coapressor (through the 
volusnetric dlsplacesiient of the diaphragja, and 
corresponding dlsplacewent of the oil in hydraulic 
transailsslon, to the co®presspr piston). The 
hydraulic tramsndsslon is considered as one sub- 
sssessbly, conslsitlng of the engine power dia- 
phragss, gas spring dtaphrags* (restoring force 
function), transverse vibration balancer (counter- 
weights), and tlie hydraulic oil. The cos^jressor 
6ubass«^ly IncJiudes the cylinder heads, valves, 
pistons, artd ttw: refrigerant gas. The three 
subasse^lles — engine. traosAlssloa, and 


compressor — form a coupled resonant system. One 
of the potential advantages of this configuration 
over the CE configuration is reduced dynamic 
complexity. The use of the power-transfer 
diaphragm has eliminated one degree of freedom in 
the resonant system, which should improve its 
operating stability and control. Of course, 
lifetime of the diaphragm, which must undergo 
soe® 10* stress reversal per year, becomes a 
crucial question: present evidence, including 

operating experience in England with diaphragm- 
sealed Stirling engines, strongly indicates chat 
diephr:tgn material and designs can be selected to 
give infinite fatigue life. Figures lb ami 17 
are photographs of ttee Hi engine hardware which 
show that there are also some differences from 
the C£ machine in FPS£ design features, notably 
Che monolittiiic heater head configuration. 

'.'ordslide 5 summarizes the current status of 
the QIG/MII project. The next year is critical 
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^ establishii^ title technical viability of this 
<s4j'«ew configuration with regard to therwal perform- 
tutce and operating stability and control. 

't; ‘S'Howeoer, even if test results are positive, key 
' ' ktichnology issues will renaln to be solved on 
itarabllity, reliability, and attaining all of 
Cbese desired characteristics at reasonable 
V' naiaufacturlng cost. 

TECffl»iOGY ISSUES AND DEVELOPMENT APPROACH - 
'Wiroughout the earlier sections of this paper, 

' several Issues were Identified with regard to 
> ffipplylng free-piston Stirling technology to UAHP 
developoeat. tdiat we perceive to be the key 
issues seem to fall Into three general categories, 
as summarized In Table 5. The two hardware 
Sevelopoient projects just described are not our 
OSily efforts at resolving these issues. In 1981 
we formulated a more generic plan of work In this 
area, a plan which we began to implement this 
year. The plan Is diagrammed In Fig. 18. The 
three main elements of the technology development 
program are: 1) determining the state-of- 

dsvelopHient of the free-piston Stirling engine 
itself (prime mover development; 2) engine/ 
compressor coupling and related dynamic design 
issues (possibly Including compressor development 
or dynamic seals); and 3) developsent and valida- 
tion of analytical design tools. The program 
will take maxiiauni advantage of technology being 
developed at NASA-LeRC, tfll, Argonne, and JPL 
under other DOE programs (Automotive Stirling, 
ECUT/previously fossil Energy, Solar, etc.). 

We have started a survey and assessment of 
available FPSE performance measurements (both 
published and unpublished) . The assessment 
should determine whether there Is sufficient 
experimental data available to permit establish- 
ing a state-of-the-art (SOA) "benchmark" on FPSE 
thermal and mechanical efficiency. The survey 
will provide the beginnings of an experimental 
data base on FPSE system and component perform- 
ance which can be used for validation of 
analytical codes. The survey may also provide 
so®e preliminary comparisons of engines operated 
with different types of loads (siir^ile dashpot, 
alternator, inertia compressor)- Analysis of the 
tseasured data may yield some useful information 


about the effect that the load characteristics 
have on FPSE performance. If there are sufficient 
data to establish SOA engine performance, then 
this will be compared with the performance 
"target" required for economic viability (In the 
engine-compressor application). A separate 
program analysis task would be required to 
reexamine the nominal 30% engine efficiency target 
set for the development program several years ago 
and to confirm or modify it as appropriate. 

A survey and assessment of FPSE dynamic and 
thermodynamic analytical codes Is also underway. 

It is known that the most complex codes (so-called 
third-order coides) do not always give the best 
results; therefore, we will attempt to define what 
level of sophistication is necessary for design 
purposes and thereby to select one or two candi- 
date FPSE codes for validation against the 
experimental data available. Emphasis Is being 
placed on FPSE dynamic codes and methods for 
handling interaction between the mechanical/gas 
dynamics and the Stirling cycle thermodynamics. 
Much effort h^ls gone Into development of thermo- 
dynamic cycle codes for kinematic Stirling engines 
and some comparative analyses of those computer 
codes have already been reported. 

We also propose design and development of a 
versatile test load device to ai in understanding 
the complex gas /mechanical dynamics of the FPSE- 
load system (Including interaction with Stirling 
cycle thermodynamics) and to simulate FPSE/ 
compressor coupling. Testing would provide the 
required experimental data on dynamic sensitivity 
and "matching" of the driven load (l.e., refrig- 
erant compressor) to the FPSE output 
characteristics. 

New project activities started this year 
under this generic technology effort are sum- 
marized in Wordslide 6. We plan to effect close 
coordination between these activities and the 
hardware development work during the coming year. 
The plan focuses on issues in the performance/ 
efficiency category. However, the plan recognizes 
chat otlier issues re’ated to life requirements and 
cost must be a continuing concern in the develop- 
ment process because of their critical Importance 
in the eventual application in HAHP's. 


Table 5. Current appraisal of key Issues FPSE/compressor technology 


Performance Efficiency 

Cost 

Durability & Reliability 

® FPSE efficiency (.SOA and 

® Equipment cost preaiiuM 

® Design life vs heat pump 

potential with mature 

vs operating cost 

requirements 

technology) 

savings 


® Engine/coffi|?ressor integrated 


® Service calls/v»intenance 

performance 

— dynamic sensitivity, 
stability, controls 

— best configuration 


requirements 

• Analytical tools 

(dynamic and thermal) 
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This paper represents an atteope to describe 
re we have txEea, what we have learned, and 
Iffi^re we are going in development of technology 
application in future heat-activated heat 
^W^Hlips. Emphasis has heea placed on Stirling 
Sligliglne-driven UAHP technology, with its many 
I'^xl^dtallenging development problema, because it was 
ivttSrly ldentifi<!d as having high potential for this 
'iv^pllcatlon ami that positive assesaeent (of its 
■VMgh efficiency potential and other needed 
, j ’©ttrlbutes) continues. Eased on the review 
l‘_ presented in the preceding sections, we offer the 
£ol Vowing suwaujry observations and conclusion. 

® In retrospect, the previous "Product Develop- 
aent" efforts on engine-driven HAHP’s were 
preinature;; i.e., they were undertaken before 
the technology was sufficiently advanced to 
warrant such an approach. 

® The technical problems are now better under- 
stood and can therefore be broken down Into 
more nvanageable technology development tasks 
or projects. 

* It is still not clear how best to actuate a 
heat pusnp cycle with a free-piston Stirling 


engine. Until this load-engine coiqiling and 
control Issue Is better understood and 
preferred englne/transmlssion/coopressor 
configurations identified, it will be dif- 
ficult to undertake or properly focus R6D on 
such critical issues as durability, relia- 
bility, or cost. 

* To the extent feasible, we plan to use 
available engine technology rather than to 
develop it ourselves, so that this program 
can concentrate Ite resources on the issues 
related to eppllcatlon in BAHP's. 

• The free-plston Stirling engine-driven HAHP 
is still an attractive and interesting 
equipment option for the future, but it 
continues to involve high risks (technical 
and business), even after several years of 
development work. 

We view this conference as an excellent forum 
In which to present this Information, so that we 
might obtain constructive feedback from you. 
Therefore, having presented our assessment and 
current views on the issues and our planned 
developiiaent approach, we ask for your guidance and 
input. 


QUEST lOH A!fl) AMSISR PERIOD 


Q: feat were your cost goals originally 
yon set out on tisis product dcvelo^^ieiit 
writ? 

A: ter cost goal was a five-year payback as 
opposed to tfie nearest e<}ui valent product. 
S£ did extensive market evaluations 
throw-out the course of that davelopesnt 
®jrk, so teat value floated sosao. and as a 
ssatter of fact, the nearest equivalent 
(xrodact changed frm a hi^ efficiency 
furnsce/air conditioner c®sbi nation in the 
beginning to an advanced electric heat pt^p 


at the end. tet as I said, the cost 
presaitaa was geared to a five-year payback, 
and so it depended on the area of the 
country as to what you could afford to sell 
this for versus the competition. The 
northern states look better for any type of 
heat actuated heat pmp because tee priaary 
benefit is in the heating operation. So 
you are lookiitg for a location that has a 
high heating load as cocipared to cooling 
load. In general, that probably translated 
into southing like a 25-30S cost prenitKi 
if I r&ssa^r correctly. 
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‘Ettlrjsr-pafs^e— su£ua^ potential appllcaCions 
for Stirling engines^' In *the pouer range froa 
O.S to 5000 hp. Applications are grouped into 
a «mll number of classes (10), with the 
applications in each class having a high 
degree of cocsoonality in perfortnance and cost 
requlreBents. A review of conventional 
engines was then undertaken to determine Che 
nature of the competition faced by a new 
engine system. In each application class the 
Stirling engine was compared to conventional 
engine syste»a, assuraing chat objectives of 
ongoing Stilling engine developaient programs 
are inet. This racking process indicated that 
Stirling engines showed potential for use in 
all application classes except very light duty 
appllcaclocs (lawn sowers, etc.). However, 
this potential is contingent on desonstrat-'oft 
much greater operating life and reliability 
than has b<!en dcKonstraCed to date by 
developmental Stirling engine systems. 



STIRLIRG ENGINES have been under develop- 
ment for over 40 years by organiaations in 
Sweden, The Netherlands, and the United 
States. HotFfiver, the interest level In the 
Stirling engine as a clean, efficient power 
conv.. rCer hjis Increased draiiiatically in the 
last 8-10 years as a result of rising work oil 
prices and concern for the envlroiiaenc. 

Stirling engines have a nusjber of poten- 
tial advantages which have provided the 
incentive for these progresss,, Including: 

Kultl-I' uel Cffip&btllty which allows 
operation wilth a wide range of fossil fuels, 
as well as noa—cosiiventional heat Inputs, stsch 
as solar emirgy, biosass, nuclear, end thersial 
storege. 

Ktg;h_ TS^ier Ml Ef ticieacy which results in 
Bsore econoailc operation in thosa appiicatioac 
where fuel costs are iisportant. 

Low ^ L esion Levels In fuel fired oppli- 
caciotts as a result of bslng external cosi- 


bustion imgines. This advantage is particu- 
larly iaiportant in vehicular and closed 
envlronmtmt applications (wines, etc.). 

Low No i se and Vibration resulting from 
the use of s^echanlcally balanced eechanlsiBS, 
the lack of valves, and relatively low operat- 
ing speeds. 

H igh P o wer Density Potential when operat- 
ing with high pressure gases. This advantage 
is often important in vehicular applications. 

H igh Reliability and Lo ng Life resulting 
from outwardly simple mechd.nical config- 
urations and relatively few moving parts (no 
valves, etc.). 

Good Part Load and Variable Speed charac- 
teristics which arc important for vehicular 
and soma generator applications. 

Kany of the above advantages have been 
demonstrated in operating hardware. For 
example, efficiency levels in excess of 35Z 
have been achieved as part of the automotive 
program and engines have been operated using 
solar, isotope and thermal storage heat 
Inputs. However, other attributes, such as 
high reliability, have not yet been demon- 
strated with the consistency required for 
cosoercial systems. 

Despite its detsonstrated and projected 
attributes, the Stirling engine has still not 
found coBntercla.1 acceptance. The reasons for 
this are complex and several of them are 
discussed briefly below. 

The prlcutry fxuiding for Stirling engine 
develo{»9ents, particularly in the Halted 
States, has been for autoaotlwo applications. 
The low emieslon levels and high thermal 
efficiency (i.e. , good gas mileage) potential 
of the Stirling engines mkw the« well-suited 
for this application. However, the highly 
developed Internal combustion (I.C.) engines 
not; used, hwe thesselves been the subject of 
continuing development effort over the last 
deciids a.nd are now, wi:cn combined with waller 
cars, providing tnproved sitleage and e»issloa 
characteristics. These characteristics are 





achieved with engines having a cost 
($2S-30/kH) which probably cannot be achieved 
with a Stirling engine - eviin In wass produc- 
tion quantities. The projected perlorwance 
characteristic* . pf.vaadvanced autoaiotive 
Stirling englnea^ * ' Indicate, however, that 
Stirling engines oay have efficiency, fuel 
flexibility, and eaission advantages over 
conventional I.C. engines. These advantages 
could becoaie increasingly Important in the 
future depending on cost and availability of 
clean automotive fuels. 

As a practical natter, conventional I.C. 
engines can address many of the applications 
considered for Stirling engines. I.C. engines 
have the benefit of over 50 years of extensive 
developsient and a flmly established 
sales/malntenance infrastructures throughout 
the world. As such, Stirling engines wil] 
require si{:nif leant advantages over conven- 
tional engine options in order to result in a 
signiflceot market penetration. 

Current technology Stirling engines still 
have not demonstrated the life and reliability 
required to address the applications for which 
they are being considered. It Is not certain 
that the technical reasons for the lack of 
demonstrated reliability can be successfully 
addressed for the mass market applications, 
while still maintaining the other required 
attributes (for example, high efficiency 
implies high operating temperatures which 
complicates the task of achieving reliability 
and cost gc>als) . 

Many engine systems Indirectly utilize 
the production economies of the automotive and 
truck markets to maintain relatively lo» 
engine costs in a wide variety of applica- 
tions. Exiiiaples of this include engine driven 
pumps, inboard marine engines, and standby 
engine/geuerators, which often use autotsotlve 
or truck engine blocks as tlje basic building 
component. Stirling engine technology will be 
at a disadvantage in such applications if the 
autoMotive Stirling engine program is not 
pursued. 

Applications requiring unconventional 
hsat inputs such as solar energy, can often be 
addressed by other external heat input en- 
gines. For example, several studies indicate 
that Stirling engines combined with high 
concentration ratio parabolic dish 
concentrators are an attractive solar power 
option. Rowever, there are several options 
being actively pursued for solar powar includ- 
ing phocovol talcs, solar driven Rankiue 
engines, and solar driven Bray ton engines. 

The early stage of development of these solar 
power technologies cot^llcotes the task of 
selecting the systea with the best comaarcial 
potential axsd, therefore, the potential role 
of Stirling engines. 

The altrave factors must be addressed when 
conslderltvi tUe prospects for Stirling engine 

'^it^ers li> parentheses designate references 
at end of po|>er. 


conserciallzatlon efforts. In particular, the 
Issues arc: 

For wSiat combination of applications do 
Stirling: engines show significant advantages 
over probable competitive systeas? 

What operating characteristics and cost 
goals miist be achieved for Stirling engines to 
result in large penetrations into such mar- 
kets? 

Uhat Is the e8ti«»ted size of potential 
markets for Stirling engines. 

Wbait are the operational characteristics 
that Stirling engines would need to have to 
penetrate these markets? 

This paper summarizes the results of a 
program sponsored by the Department of Energy 
and NASA Levis Research Center to address the 
above issmes in order to determine which 
Stirling engine applications are most likely 
to be successful and what emphasis new R4D 
initiatives should have to accelerate the 
introductiem of Stirling engines in attractive 
appllcaCicKi areas. 

CLASS mCMIOS OF APPLICATIONS 

A review of the literature supplemented with 
conversatl-sas with industry participants 
IdentlfiLed over 100 applications for engines. 

Most (at least 90%) of these applications 
are nosr served, or could be served, by 
internal combustion engines. Almost all these 
appllcatlcms have at one time or another also 
been considered as potential markets for 
Stirling essgines. It is not practical to 
consider tfee potential benefits of Stirling 
engine use in over 100 indlvldital application 
classes. Bewever, many of these applications 
have similar cost, perforsance, and capacity 
retjulreaemts. For example, the engine re- 
quirements for a residential heat pump and a 
military generator are similar In almost all 
respects even though the end use functions 
differ greatly. 

The grouping of such a large number of 
overlapping and divergent applications into a 
Siirall mtmb'er of classes is a highly judge- 
esantal prsM:ess. A computer based "Cluster 
Analysis" teclmlque was utilized In order to 
assist in the grouping process. This tech- 
nique i-eqoired assigning nutstarlcal weighting 
to the various application requirements and 
then logically groupiug applications so as to 
maximize co«mon desired characteristics. 

Aif a result of both the Cluster Analysis 
and inliorsed jiidgements, engine applications 
were reorgaiaized Into ten categories having 
coamon req-olremeuts. Information provided for 
eacti class of applications includes the 
followlr^; 

- Tine p-ssacer requirements of engines coawon- 
ly utilized for applicatlotts which are now 
served by conventional engines or which are 
likely to be needed for applications not now 
served by aa»y engine type. 

- Entiffi«ted aggregate earhet size. For 
application* now served by conventional I.C. 
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engines, the market indicated is the actual 
sales of engines usually used in the applica- 
tion class under consideration. The term NCP 
(no comserclal practice) is used where there 
is no significant commercial use of any 
conventional engine on which to base market 
size. 


-The Important operational characteris- 
tics required of each application class. 

Several of the Important characteristics 
of each application class identified In Table 
1 are outlined briefly below. 


Table 1 

Summary Of Application Class Grouping 




ISsSO Ktekot Size 


Appflcatton Cisss 

Bawer R«njj9 

(Annus!)) 

QusHtativ* RequiranMnh 

A. ^teat Pump fk Total Energy 

Residential I4eat Pump 

2-10 kW 

— Limited practi<;c to date 

— Long life 

Commercial Heat Pump 

30d0kW 

- Large potential if technical 

— High efficiency 

industrial Hiiat (\imp 

100-200kW 

and cost goals achieved 

— Low rwise & vibration 

— Low emission ; 

— Heat recovery 

— Verybij^ rel'ability 

— Low maintenance 

6. Industrial EquifKnent 

ir>dustrial Indoor Eq. (Forklifts-Gas) 

15-175 kW 

55,6«) 

— High efficiertcy 

Industrial Outdoor Eq. 

5-525 kVtf 

61.40) 

— Long life 

Compressonf for Construction 

20-500 kW 

28,100 

— Low emissions 

Isolated Pov/er Generation 

6-475 kW » 

381,600 

— Average cost 

Misc. Gener;3ftion 

1-560 kW ) 

— Good load following 

Agricultural Irrigation 

3-300 kW 

27,900 

- High reliability 

Fire Pumps 

60-450 kW 

7,400 


C. Isotope or Fleactor Pov¥cred 

Ground Pov/er Units 

20-100 kW 

- NCP*" 

— Very hi^ reliability 

Space borne Power Units 

1-1000^ kW 

— Significam potential for space 
^Tplicatiof^ space power 
needs increase 

— Long life 

— High efficierKV 

— Low weight (space applications) 

— Low noise and vibration 

— Ck>od load following 

D. Long-Run. Remote, Potentially 
Whjlti-Fuel Applications 

Ventilatir >9 Fans 
Portable Refrigeration 



— Low maintenance 

- Lo.nglife 

Mobile Refri~*fation 

8-50 kVi/ 

21,500 

— High efficiency 

Gas Gathering 

25-«50 kW 

Snitall 

- Multi-fuel use 

Third World or Remote Power 


— Large fjotentwl for bionv's 

— Simple construction 8t mainterunce 

Generation 

8-150 kW 

fired systems 

— High reliability 

C^l Pumping 

8-200 kW 

Sfnait 


E, Low Usage Equipment 

E. 1 . Low Power 




Comprejfsors (Consumer) (Gas) 

3-12 kW 

10.300 

- Low cost 

Gerverators (Portable) (Gas) 

1-10 kW 

20S.200 

- CkMDpact 

Generators (Roc, Veh) 

MOkW 


- Simple operation 

Consumer Goods (Lav/n & Garde-n) 

2-20 kW 

9.926.000 

— Lightweight . 

Pumps (General Purpose) 

1-12 kW 

77.4CO 

— High reliability 

Log Splitters 
Cham Saiws 
SisowwobiSes 

2-8 kW 

144,600 

2.473i60!) 

101,500 


E.2. Migh Powas’ 


8-175 kW 

98.000 


Pumps'0>ntr8Ctoy 

12-425 kW 

33.9CO 


Generators (Em^gencv) 
E.3. Back Pack Power Sbpi^Y 

11 560 kW 
1-4 kW 

1«».7O0 
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T4&le 1 (Contlmied) 










PimnvRa^ 

tABHuat) 

(TtsuStaUvRequireamiaas 

F. 

Mlit«v 

Pottatole Etectric Gefiarators 

<16 kW 
>16kW 

No iangar produced 
400«»* 

— Fuel serikdhlng 

- Low noise ft vibration 





— Highcffteiency 

— Good load following 

— High reHability 

— Lourwei^t 

— Small size 

G. 

ISotnle L^t Duty 
fessenser Car 

20^1 10 kW 

6.S27.800 

— Lost cos? 


^rteulturat Eq. SaH^’Owsred 

9-42SkW 

3&600 

- Smalt sii« 

— Lxwuwev^ 

— Lowemisaons 

- Good toad following 

- Hi^t relialiirity 

— High efficiency 

IL 

Mobile Heavy Duty 




ai. 

Small (1-110) 



— Lowemisnons 


Agricultural Tractors 

16-IIOkW 

164.700 

— High efficiency 


Trucks 

60-110 kW 

1.745.900 

— Fud switchir^g 


Cbmtruetion Er^ipinent 

1-110 i;W 

2t%4Q0 

- Longlife 


Marine; Pieasure & ILisbt Commercial 

MIOkW 


- (aood load foilowing 


Mining: Surface 

20-110 k\S) 

1.500 



Mining: Underground Forestry Equip. 

22-1 10 kW 

400 



Railroad Maintenance 

22-1 10 kW 

300* 


H.^ 

Large (1 1(H) 
Agyiculturej Tractors 

110360 kW 

43.300 



Tructe & Busts 

110-600 kW 

1,152,100 



Osrvlruction Equipment 

110-SSOkW 

41,700 



Marina: Pleenire & U^t Commercial 

1103S)kW 

5B.300 



Locomotives 

702230 kW 

Small 



Tacticd Vehicle!; 

60300 kW 

8,700 



Mititeiv Tanks 

1.120 kW 

720 


1, 

Solar Thermal and Ttermal 
Storage Povier Applications 


— SevaraS dozen ddncKistrations 

— Reliable 

1.1. 

Solsr Povw Pumps 

%lsr Ikisvered PUmps 1 

%ilsr Powered CompreEsa'S / 

Solsf Powrered Altemstors • 

Dish Mounted (soruifators 

~ 1(7100 kW 
~ 10-50 kW 

in operations 

— Large potential tsjntingent on 
technolstpr dwelopniants 

- longlife 

- High efficiency 

- Exterisal heat source 

- low maintenance 

- Lnwoost 

- low noise and vibration 

1.2. 

Theranai Storey Appltcetions (Lhidsjwster) 
Mini)^ S«bJti»ina 

~ 10-200 kW 

WCP** 



Piessure Smi Total Ensrgy Sys, 

Gsmst®! Ptaposs Stttwmms 
SUtHKipilKt 

OS? Sfewa Exi2f(H»iKM¥ ^^5ss.rfne 
UriwismssnJ Sw^eiUltoce Stj&raajinffi 
JSMm Tern Ptent 

1.3. StofSigs AppJicatjaws (Land SsssmJ) 

Swj5>(tia ~t-5S!iVif 

RaspnsfsSifa Sysjsca 

tor I® wti>ik?ss 
Kybiid VaPiid* 
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Table 1 (Coatinued) 



L Large Multifu^ 

Pioeier Generation 
Industrie! Cogsnaration 
Gas Pipelins 


lOtHI'^QOkW 

ICKSG-Sj^kW 


<H560 

<te*» 


— Multl-fasieail 

— lonett^ 

— Lcwmsintfmneir: 


*Esti metes. 

**NCP— No oormnsfcia) practice. 


HEAT PUMP AEI) TOTAL Eii^GT - In a heat 
pueep/total energy application, an eagtoe would 
need low emissions, good fuel efficiency, very 
low noise and vlbrsition, heat recovery, 
infrequent maintenance, long life, and good 
startability. Hot tio critical to engine 
success in this application are low engine 
cost and weight, small engine size and good 
load following. 

IHDUSTKIAL EQUlPliENT - Fuel switching 
capability, low noltre and vibration, heat 
recovery, low weight and saall engine size are 
rtot critical in industrial equipraent. Howev- 
er, lost emissions, good fuel efflclsncy, lottg 
life, good startability, low cost, and good 
load following are iisportant in these applica- 
tions. 

SPACE POI^K - In a nuclear (isotope or 
reactor) space power system, fuel efficiency, 
low noise and vibraicion, life, startability 
and load following are critical parameters. 
Fuel switching, low emlssioes, heat recovery 
and low engine cost are not important in these 
applications. 

L053G-BUK, 8E«)TE. KULTI-PUEL APPLICATIOSIS 
- In a rural power system, fuel switching, 
fuel efficiency, 1 <mj maintenance, long life 
and startability ara inportant characteris- 
tics. Low emissions, lov» noise and vibration, 
heat recovery and engine size and vreighc are 
not critical. 

LOW USAGE EQUIPMEBT - Its low usage 
cquipsient the eaiti factor for stsccess are very 
lot? cost, etartablll.ty, low eagiue weight and 
s«all else. Other factors are not critical 
such as efficiency or heat recovery. 

HILITASY - Fuel KBitching, fuel efficien- 
cy, l«m noise and vibratio®, load follwlng, 
and startability ams Iwposteat, as er® €®«11 
Else, lo%i weiglts, I«jw tEatetsosance snd long 
life. Low esaissions, heat rss«ow®ry ®ad low 
cost are not as crit;lcal. 

tMILK L1C»T mm - Kearly «U factors 
K»nStos»<l prsvlewsly are tegorteat ira ligjst 
Bssbile poser applications, psrtlcwlsrly 
e8ai.»®loa8, cost, ea^! lo®d foll^steg. 

mms HEAVY IHm - In mdte duty Mbila 
power appllcetioffi®, feel switchieg effi~ 
ciency, loiw emlssioisa, l<m|$ life and good load 


following are inqtortant, but heat teccrawKy, 
low engine cost and «»i^t ate not m fffipor- 
tant as for the li^t tety mobile power. 

SOLAK THESMAL AMS STCHtAGE - 

Host solar themel power units eg^loyiag 
Stirling engines assnae that thermal energy 
storage is Incorporated with the solar rseetv- 
er In order to reduce problems essocietetS with 
transient operation. The Stirling engine 
would, in fact, be operating from themtml 
storage. These seemingly diverse appllcerioas 
are, therefore, grouped together since they 
could be served a cossaon class of exigjliie 
designed to operate from a high tesperatwre 
thermal storage media. In these appllcatloas, 
efficiency, low maintenance, long life, low 
coat, and reliable startability are tsportant. 
Low emissitnns do not apply and fuel switching 
as well as heat recovery are not critical. 

LARGE Hin.Tl~FOEL - Large stationary 
power systems generally operate with a high 
duty cycle. The critical characterietica of 
these systeiiis will be high thcnaal efCicimcy 
and a mltl-fwal capability. Both these 
characteristics lead to lower fuel operating 
costs «diich are a dominant cost factor with 
high duty cycle equipment. Other characteria~ 
tics such as lo«r size and weight and good 
startability are not particularly Isportant. 

COSVEBTIMM. E15GIKE MAMET« AS!> PEBPOBMASCB 
CdMACtmSTICS 

Host, ffi^lications being considered for 
Stirlita^ enginee are presently being sexveid or 
could b« served by on® or more cooveatlooal 
engine systenm. As a practical mtter, 
Stirlinsg engines will have to shew mem 
cosh tuat ion of technical mid ace^onitc adu«i-> 
tages to displace the cosiveational engis^ now 
utilised. It to, thetafoxe, is’iportant to have 
an uwie3ret8.mding of the tssrhsit for cMvaseiom- 
al engimsn the characteristics of escglmas 
now in major warbet mgseats in ordsesr to 
evaluate the pM^ipecte for Stirling enginssB la 
each appllcotioa elam. 

mmsm BHSIW sales ~ table 2 mmmxixm 
the Vnited States aalea of enginoo la tks 
po»%r ra^e fsesii ffi.S to S6(^ hp in 197S. Tba 
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T<^le 2 

V.S. Engine Froductloa; 1/2 To SOOO HP, 1978 



Spark lysltlo® 
lleO"Autoeottve kutoaottve* 


TOTAL 

13,740,777 

11.864.643 

HATED mt 



<1500 I 

> 178,846 


1501 - 2999 j 


3000 - 3999 ' 

>4000 

1 13.561.931 

1 11,864.543 

imilOD OF COOLIPS 



Air 

13,504.068 


Liquid 

236.709 

11,864,647 

HtmER OF CTLlNDEIiS 


1 

13,245,778 


243 

231.714 


4 

110.690 

759.205 

6 

38.384 

3,405.456 

8 end vp 

U4.2.U 

7,699.982 

DlSPLACES^nr 



in cc 



<20 328 

12,348,283 


20 - 75 328 - 1230 1.051.832 

76 -150 1230 - 1'460 36.990 

298,981 

>150 >2460 

293,672 

11,565,662 




Mesal 

Gaseous 

Css 

Roa-Autoaoctve 

Autoootive 

Fuel Only 

Turbine 


388,438 


227.543 

<1500 est. 

<1500 est. 


' 388,438 

} 

227,543 - 

^ <1500 est. 






<1500 est. 


19,423 

369.016 


227,543 

<1500 est. 

*1500 est. 


15,886 






17.373 

106.068 


415* 

. <1500 est. 

Hot applicable 


205,100 


133,074* 




44,011 


94,054* 

j 




20,815 


Not applicable 

367.622 

227,543 

<1500 est. 


* EsClsat< 2 ^ fcosi sales <!ac« 

Source: D.S. D«;part»tat of CoKserce, Pmxjr Systcsa Research. Forecast Associates Inc, 

Axtbur 0. Little, Inc. Estlsates 


total i»a®S»sr ol: engines soM «ns»»ially Is about 
26 eillicm. 01; these about 25. <> iGillloa (98%) 
ate epoch igaltion ffiiglneB and about 0.62 
million (2%) ai>3 Diesel engines In addition, 
a saall nosJ>«s.' of gas fired reciprocating 
engines (about 1500) and gas twrbinss (shout 
1500) are also sold in this power range. 

Approaisaately 92X of all eparh ignition 
essgltsos have rated outputs below 150 hp. 
Within this engine class there are two types 
of eagiac's tAlch account for »»e*rly 87% of all 
engines eald. 

Oweir 12 million engines with capacities 
of urifec 10 hp ere sold annually These are 
typically low usage engines used in such 
widespread eppMcations as l«sn laowera, clsain 
ews, ea€ s«i©a ble^ate. Th® Eajoe portion of 
tfeiese e»giss®8 are provided by either Brlgga 
and Stratton or by Tecua^ssah. 

$N'@c 7 Billion eagltMSS am produced 
emsmlly with rated pwar oatpate oS bst«j®®a 
60 ®&<d ISO 1^ for vehicular epplicatioas. 
fe@£ of efe*»« «r« for eBtosaatlwa use. Bo«~ 
«v®r, e aigstfiesat ni^iber ace also u®ad la 
SMCh apglSc»t?'’'Sa a® It^t trades, and tc«c~ 
toss. 0ms % dossa sitaufeeturers (pslMsily 
empmiimi participate In thi.o 
s»sh@e «svm. 


The sales dlotribution of Diesel engines 
Is isore evenly distributed than for sparh 
ignition engines. Hldespreed applicstions for 
Diesels Include compressor drives, farn 
equipsent, and generator sets. However, 
approslnstely 60% of Diesel sales are for 
automotive and track propulsion applications. 

Within the power range considered the 
reciprocating interaal co!e&uatioa engines are 
siailar in design and concept. Kany are 
versions of autemotive engines «diich achieve 
their rated: power at relatively high cranfc- 
shaft speeds (over l,2(K> rpm) and are coaimnly 
referred to as "^igfe speed engines'*. High 
speed engines in the 40O-1G0O hp range ate not 
a large share of the warkat. 

Engines with power outputs in escess of 
1000 hp getMjrally ate operated at lower 
speed*. The Icwwt speed* are usoelly dictated 
by large cylinder boxea aad ledger operating 
life teqwlrewaBt®, Tha ladustry clasaifiaa 
thar.B as lc« speed (ap to 406 rpn) and mdltsa 
spsfed (4(^1206 rp«) eoglsKW. 

The total volma of low epeed <^tgteaa la 
less than 2066 unite par ye^r. Hajor ueas for 
these larger eagteoa are for ®arlj» prapol- 
si«»t, locoaotivoa, awssiclpal geasaratisig 



statioffis» «ad ca» coa^Knsor 

ctaclwffi. 

BtSCIKU COST m.* PmuraSMaCB gbabactekis- 
TICS - Yhee« is s wf4s nage o£ ceginss mow in 
use vlcb amtr 59 rasiif actwsxs psoAnclRg. afc 
least; 6?0 eaginn wsdels. Btnmvsx. vithln 
br<Mi<S engine categories (stBsll low •Mg&t 
autosaotive, low sp<Bad Oiessl« etc.) tha 
technical chatactetii-^tlce of as£lae typea fall 
wttMti a relaclvely narrow band. This feet is 
reflected is the highly oca^titlve natote of 
the engtse hosinees: «diere relatively sodeat 
differences in {rarfor^nce or cost esn influ- 
ence sales. 

UK? PSAGK ERGI KBS - Xhe nost ie^ortant 
characteristic of these a»all> ease prodneed. 
spark tuition «>siees are their very low cost 
($lS-25/kM). smll aise, and low eei{tht. 
These are all crit:ical for the types of 
applicatlms in idiich these engines are 
notHally used. 

The relatively short life (typically 
S(Kh-lQS& hoiws) and poor fa@l efficiency 
(10-lSS) of these engines does not strongly 
detract fro@ their; capability to fraction 
adequately in their sost co^gin applications. 
For esas^le, a nseful life of SCM) hours 
repres^ts over 10 lawn cutting sessoas in a 
typical laws memx application. 

hWOHOTlVE TOllHES (SF&SE K^ItlO^) - hs 
with Ion usage eng;lnes, spark ignition autos^- 
t.lve engines have a cost of $20-30/kW. This 
low cost reflects both the econosiics of e^s 
production and t:he relatively nodest 
operations! life (3000-4000 banrs) required of 
sttctt tb& iBodest life geals> In turns 

allo» for higher speratioml speeds (higher 
rated ofsttputs) and lifter weight con- 
structiem. 

Yh& efficiency indicated is In the 25-30K 
range. This efficiency rang® is at tl^ Ictrar 
end of that expected fr<m Stirling engines, 
which would provi^le the Stirliffig engine with a 
fuel econos^' advantage. 

Tl« esisaio® levels indicated for the 
autessntive engine satisfy present Federal 
regulstioas and will continue to do so under 
proposed law. 

mm smm DISSEI^ - Ihl® clnsa of engine 
Inclodea thc>se nen; n<!«d in autossstlve applica- 
tions, which are estimated to cost $2S-40/k/^. 
Kon-antoiiotive engines have a signlftcantly 
higher cost ($lSO“300/ki?) than thialr aat^o- 
tlve or epsrk ignition c<matesri»ffirt8. Benefits 
derived fr«« thiii significsatly higher cost 
include hijhet efficleacy, in tSi® 3Q-35S 
raxsge, and longer life (op to 20.,000-30»(H30 
hours). ISs® higt)®r o&X.ot the®® eaglne® 
£acllit«tes eatsS^iliehins a cor^titlv® posi- 
tion for Stirling eagisies in apgXic«tio®is 
which tfe®y serve. Escent syatssis sttsdied at 
hliSA it'dicas® that th® e££loi<s®sy of a 
w®ll-deif®X®ip®d Stirllag issy b® h®tter 

than ®t€6Sl© 1 b t;h® hi^ sp«*d r«nga. 

nm vm sFf» biesel s - thsss 

®s|;lte®6i are typically uB*d la ei^llcatioaa 
where Son^ life hi^ reliability Is 




raqoirad. Tha vMulMiiC; sohnst eoiiaciwe«<Ai» 
and Isa# Mh 

esglosif* Id^ eactw. I»; 

$ 200 -!^/k!{ ntRatH. 

Tbfi.^ Cecil:' ffifi^Usiaacf ' of thaM< usginas £» 



gasexally vhEf hlg!h;'C33N40SO and. in sddtttsm*, 


sons lit thin class have a Iteitsd 


caltl-Caal ciqM^ility’. Oiasals ace rm ea 


anything fxoB ffio. 2 DlaoeX dotm to the heavy 
dlstllatea s«Ch a» buslCttT *V:^. The aeaxe 


comoo gnsaoaa fiarl ta aatncal gaa» althongh 
all sorts of other cflsjbaatJhls gassons faela 
such as seser gna. havn heca used. 

These sagloes aro namally relatively 
heavy aad bnll^ as ceapaced to the **Iii^ 
spsod** estgiita dasass. Vior exsaple, their 
epscific wei^t i» typically in the IQ-3K) 
kg/UB range as canysrad to spark ignition 
antinsotlvo typa engines with specif ic weights 
of 2-4 kg/kB. Cmaseqeantly. there will be 
considerahls ctatihili^ la the pt^icnl 
design of Stirling •nginoa (rise, weight, 
layout) idiim wwd in applications now served 
by low speed Intemal cenSmition engines. 

A very inportant feacore of angiaes in 
this class is their feigfs reliability as 
Kensured Bffiititonattce intervals and nsaful 
life, fony wagAas la this class have live.' 
In oTR.com of M.OOO Intars (tine to rajor 
overhaul) and will operate with aalntenaace 
intervals of 1 ,0®&-2 ,000 hours. The excep- 
tional reliability Is in a totally different 
class than that achieved or needed by automo- 
tive engines and could be one of the non 
difficult goals to bo mat by a new engiicQ 


GAS TSMil EES - the issrket for gas tur- 
bines under 3J3^' kSf (5000 hp) Is extrenaly 
lisited. Th« prteary reason for this is their 
relativaly high initial coat ($l50-30G/kH) end 
poor effici«sffiy (20-25S), when purchaaod 1® 
physically «»sill sixes and etoderate tarbina 
Inlet (£.a.. «d»out 1700°F) . 

BiiSRBffi - Itetdcine' cycle engines 

are slnilar to* siirMng engines in their 
cap^ility to utilise solid fuels and norr- 
coaventlmial bleat inputs (solar, nuclear, 
themttl steratse). to the aims range of i^ 
temst. Howemr. the efficiencies of Penkimt 
system are gteMrally canetdarably lowur (at 
i5-2SX) than *1 s®b« pro)«cted (3(h-40S-«-) for 
slnilar ttim®, w»31-d«;Vcloj*®d Stirling systoats. 

Iteikiaa eyelet etigiaiss require lai^ 
asxmacs of hant transfer area and relatively 
co^lox eerios’ of «3(p>aaiter«. pusspa, and . 
coutrola for choir oporatioa. As mich. tha 
llstitcd' practic^t to date \kao raaalted in coats 
in the $f .00&-3.G@8’ par kK rang». Frojaetions 
for l@rptr pit>#itekl«a qusaixittas are in the 
$5Q6-n#9 cat>®ti. dspoiitdfag cm crjwclty sod 


SlWTtOS (^ WSWETSATOT EKJSm - 
table 3 sonifies a coavosstioitisl ongino «^.eh. 
Kooild ho typical of that, eithor used or «Meh 
could be us«)d in mx3k ^ipliettlcm cloas 
prevliowiy hteftiftad. Perfoismaes atsd c^t 
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*Teu> production of gu turt^net. 


iufomaciOQ ts iiresented for each repreaenta- 
tlve engine to firovlde a beachsnark by irtileh to 
judge Stirling engines in those astplicatlons. 
Also noted Is the production voluse of the 
represenCativo Cinglne. 

There Is no single set of technical or 
cost goals uhleh oust be achieved by Stirling 
engine systcos. For eaasaple, ausowotive 
applications set particularly stringent cost 
r®siulr®Eants on the Stirling ciieIb® (about 
S25/hH) but only requires 2,000-3,000 hours of 
operation lifei, uhich allous additional 
flexibility in the choice of hot section 
Katerlals aw5 systs® design. In contrast, a 
heat pw*p application (sight allot? costs 4 to 5 
tlws those of an auto^bile engine but would 
reqotre a useful life of over 20,000 hours. 

As noted on Table 3, there are some 
applications t^sce tijere is no present coissBer- 
clal practice, with conventional eisglnes. 
These applicatleiss Include nuclear/space power 
eisd solar p®®3ir. For these 'application 
clasauB the posnible cs^secltivte engines are 
tl4®rtso~®l®ctrlc8, Brayton cycle, and Ranklne 
cycle ezines. 

smTOS <m s'fmhi^ kibe ststws 

Ewes th©u|;h Stirling eisgines have been 
wader dwaloj»«!at for over 40 years, fewer 
then kta«®»tle eaglnas and 50 free piston 
e»®i*s«ss have h«twi feailt.Th® aetusl operating 
®sp®rl«ce witli Stlrtlss® eagin*® 1®, there- 
fore, qattffi Hadted. Thin c«wspltcates analy- 
mia ef thslr potential technical perfomsnee 


and cost characteristics. A brief overview of 
the developsent status is provided below. 

Kwmmic KIHES - The nost extensive 
recent experirasce that is well~docu»ented with 
kineasatic Stirling engines has been achieved 
with those based on the 4-95 (P-40) engine 
designed by United Stirling of Sweden. 

Various modifications of this engine have 
evolved over a pteriod of seven years and it is 
the haeis of tbs 1 engine, being developed 
as part of the HO^/VUiSti Advanced Automotive 
Stirling Eagine (ASE) Progrea, and a solar 
operated engine, which recently Initiated 
testing as part jO|. the JPl. solar thermal/parabolic 
dish progvitsB. * This engine is a 
four-cylinder, doable-acting configuration 
which can produce 40 kW (35 hp) under design 
conditions. As of January 1981, 21 engines of 
this basic design hod been built and over 
13,0W.hmir» of operatioca had been accumula- 
ted. Bouesver, the accuistlated hours of 
operation have usually tmteiled iswerous 
unplanned ehutitems tlM reliability of 
critical subsystem (prtusrlly seals and 
heater head) anre still in question. 

liost of the follewlsig comontary on the 
perfor«iaac«> ehairacteristlcs of hinemtic 
Stirling engines is bsMd on the 4-95 engies 
its uom KesmA Aetl'mzixm, 

Emcii!« - Stirling engine efficiencies 
of beegt ccmiatently desxmstrated ou 

tent ^wnstiratlim engines for over IS 
years. ^ ‘ * tkirm t^mx. tests with the HIHi-I 
esgine ai^ solar versi«xi of the 4-95 have 
denoastrated e£flei«»ey levels in excess of 
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3SZ bazfkur «ad (WMltle poiwr 

lossss),^ * ' BOd projeccioos ty NASA Indicate 
potential for aatcootive engine effieieaeies 
in the Ion 40Z ai^ is the hlglt 40X foe certain 
statlonarjr’ ^plications of a»taa«>tiva derived 
engine a^licatioos that do not ase a 
conhnstora l.e., solar. The e::ficiescy 
capahilltles of Stirling engines are*, there- 
fore, well-denonstrated, and further isBjirove-- 
sente sight be expected, as higher tesaperature 
heater head aaterials are devel<^ed. 

mtl-FPEL CdPABlLm - Tiie engine 

has been opersited on sost ll^id fuels (gas- 
oline, Diesel Y^tc.) of near-ters interest as 
a Botor fuel.^‘ ^ Philips operated a biosass 
fired c^lne using a heat pipe heat transfer 
systes)^ ' and sore recently, Siunpover, Inc. 
has operated a sinple hot air Stirling eng2^ 
directly fired by charcoal and rice busies.^ * * 

The basic sulti-foel capability of a 
Stirling engine has, therefore, been exten- 
sively demonstrated, particularly tshsn using 
liquid and gaseous consercial fuels. 

UKi KgSSl<M8S - One of Che sajor incen- 
tives to the (levelopsent of Stirling engines 
has been their potential for Ioh ex^ust gas 
esiisslon operation as the result of being an 
external coshustion engine. The HDD-I engine 
has been exteiislvely te.<jted over the range of 
poner output .and hsa resulted in esi salon 
levels veil below those required of present 
and projected regulations.. and below those of 
competitive I.C. engines. ^ 

BOISK VIBBATIOH - Stirling engines 
have no valves, can be fully btilanced, and use 
a continuous coiiimstlon process in their 
operation. As a result, they have low opera- 
tloual noise Levels and ninimms vibration. 

These attrih'.it:es have been donoDStrated on 
several engin«:s Including Che ISKD-I and the 
V160 engine of SPS. Both these engines 
desosistrated noise levels of less than 
(a coaipara&le Diesel can be over SO DU)' 
and very Ion la: :hanlcal vibration levels. 

This characteristic nnkes the use of such 
engines in applications requiring low noise 
levels (heat pus^s. Indoor vehicles, etc.) 
particularly attractive. 

BhCC^EET - In the Stirling eoglne. 


the Major source of heat is fiwa the cooler, 
A snail of heat is alen available fron 

the cee^nstor, after passing through the air 
preheater, tltue. It is relatively slnple to 
collect reject; energy frt® a Stirling englis®. 
The di8ndvant4sg@ vi.th h@at recovery in the 
Stirling englsi® is that since ttagiUs® efficien- 
cy is Invaree.ly proportional to the cooling 
temperature it in desireble to extract heat 
fre^ the f^iiiiC et an l&s a tessperature as 
possible. Thin, in eme casass, reduces the 
of th® collected heat. 

<»ergy flux of 


the co«b«tto% ctesSii«r/hester tiesd subaeose^ly 
of Che m-I isngine r^ultn te allowing the 
engine to beccssi® opasntta«al wry qniehly frofa 
a cold start. As a m^lt, the Stirling 
engiiMs: startal>illty is c«i^p<arable to that of 


X.C. chines (md pxet'ably bcctccr tlu» tiut 
Sankioft cycle or (asitniAhiae 
Bufficieat for all «q^lieaitions> o£ ittfexttac* 
pdai LOMt <«raa«Mo», > m the seirxii«, . . 
(»gine. ponar output lo psv^cnftioeAlt Ctt Cha . . 
working gas pressure tisA the au^ voluns' «ad* 
therefore, there are two cchkiu Hethada of 
controlling the power :out|^. One is to> 
adjust the voluMe that is sw^t end the other 
is to edjest the nean pressexe: of the; eoglne, 
ueually in conjunction with a change in the 
rpa. host Stirling engines to ‘date!, inclndlng 
the KiHl-l are controlled by adjusting the ’ 
working gas pressure end rps. of the engine. 
Experience on the H(Xh>l engines Ohow excellent 
part load operating characteristic<u,nlilch is 
critical in vehicular appllcatioTis.'^ ' 

STSTEW SIZE Aia> WBIGBT - Stirling engines 
developed to date hove usually been sonewhat 
heavier end larger than cooventioasl engines, 
particularly in applications ntiUxing light 
duty Internal Coaibustion engines. The prinary 
reason for this is chat Stirling engines 
require a relatively large and conplex ex- 
ternal conbusCion system. 

This coabostion sysCeca includes the 
blower, heater head heat exchanger, air 
preheater systea, insulation and associated 
controls. 

In addition, alnost all Che waste heat 
(85T) in a Stirling engine nrast be rejected 
througti a radiator (in air cooled syscens) as 
coapaxed to only about 60% in an I.C. en- 
gine.' * 

One of the uajor focusses of the autoao- 
Cive progcaia has been to adapt the 4-95 
designs to result in engines of acceptable 
size and wei^t for automotive applications. 
This progi-an has been successful in that the 
K(Xb-X style engine has been installed in the 
engine cos^rta^nt of an ABSclcon Hotors 
autoaiobile. It should be noted, however, that 
this engine is still larger and heavier than 
an I.C. engine of slrailar capability. Includ- 
ing anclllarlcs (such kb battery, radiator, 
exhaust, etc.) it appears chat a 3000 pound 
vehicle powered by the KOD-I Sttellag engine 
will be 200-300 pounds heavier than the OSM 
vehicle powered by a conventional engine.'*^ 
Later isodifications will reduce the weight of 
the basic engine, but it is difficult to 
project 8 total engine systm weight of less 
than that of a conventional I.C. engine. 

It slmnld be noted ^at the incremental 
sire and weight differences of Stirling 
engines relative to cwveatioMl engines 
appear to h« modest and will not, in lt»nlf, 
be s najoir harrier for Stirlif® engiuM use la 
nose of the applieatioiiw under conaideratioa. 

STST E M GOST — A iMssd>er of general studies 
have be« perfomed in aa ntCsa^t t® qnttmtlfy 
the cost of Stirling systems whma 

produced in quantities suffleissit for suCiskbo- 
tive use. They were conducted by both antoso- 
foile aaiMfacturer cad coi^wHtlss 

that comuntionslly do contli^ saelysto fox 
the autowibile lAdustry. All stsdiss mma to 
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tlMiC tite" «ara»9tlW' StJtrUi^; «nstae 
«m«M ke S@-109K w^ce cj^csalvc ttum tb* sem 
else ewgin-j cwrc«atl 7 

oo^i^tred fox ese. asamsins tb« 

fi»»daetio«i cates CR^ powar mtputs. 

Skerefecet sost d«welcj>ere of Stirling. 
esigSiKRS ksxe ssssaad tfaat Ckejf «oold be 
pr^ias coat otglass and that this pcealua 
w@ttld be jnatlfled by their snyerloe efClclea~ 
cy , eaissioa, isultl~fuel, end noise charac- 
teristics. 

Ilmjevcr, a major goal of ttte HAS& «t»toari~ 
tive Stirling lisglne grogrea lei engine cost 
redaction. Theirefore. there Is a cemtivr .:lng 
effort tosard cost reduction of the aut<»i''>tlve 
Stirling engine!. 

In many lilgb duty cycle stationary 
applications (total energy, generator sets, 
etc.) the I.C. engines often cost sell in 
excess of SKKl'lOO per tdl (4-8 tlass that of 
automotive engines). In these preaius cost 
applications, Stirling engines nay not carry a 
significant cost premtum as ctmp&TeA to the 
nost likely coiepetition. 

UPB dsa KAmnsafeHCE - Vk» Stirling 
engine has good potential for lea Baiutens.«ce 
and long life. The lubricatiu£[ oil is not in 
contact at any tists «lth comhustion products 
and there are no valves or cc»£plex, precise 
injection, or ignition systems to need raainte- 
nance. Potential reliability problems unusual 
to the Stirling engine Include uolubrlcated 
piston seals, rod seals, heater heads, and gas 
coisspeessor syateias. In engines that use that 
method of power control. 

Host engines built to date have been 
experimntal In nature and, therefore, life 
end isaintenaace data is still quite liaited. 
Although individual eaglraes have been operated 
in excess of 5000 hours,' ' this operation has 
generally been accouspanled by numerous shut- 
doun.3 where various components: (seals, heat- 
ers, etc.) were changed. Table 4 provides 
InfoxMtioa on th® testing ertperlence with 
else ASS engines leading to the ISDO-I designs. 
As indicated, testing ti»B« on any given unit 
®ye typically in the tens of hours range. 

There eie several reasons why more 
reliable operation has not been achieved and 
Roa®, in theaeelvss, appear to be onsolvable 
uBlBg Idsjstiflable technology. A study of 
auto»e.tv@ derived Stirling engines for 
stationary applications identified design 
BMjdificatloa® that would allosj a 50-,030 Iwur 
life at redaosd pmrer, still Bsintalning 

^s>!id engine efflclesicy.^ ' ^ Kever£helos.s, 
loag-tersB, reliable operation 1* one of tha 
f<sw potential attributes of a Stirling eagln® 
uMeh has not: yet been satisfactorily de^n- 
etsated. 

PM PISTOM ^IWS - Free pletoa 
St&rllag i^gimee have essly b®«a investigated, 
m ® practical saeter, for cssMetcisl spplica- 
ti«ais «rv®r eh® last 1 ® ysssr® is»d tots.l eapsas- 
dlt«E®8 fesw® fe®®® oa the order of $10 Rtllten, 
a very sgsdsst ^4i«aat for a b®si «Bgtne devalcjt- 

progr^. The states of this tecimolcgy 


•heeld be vdtewed taking into cocwlderatleii tbs 
li«d.ted resoareae dawotad to its devalef«eiit. 

K»at of the favorable attributes (low 
esslsstoas, lew saoad, ate.) b«v»; beent rea- 
sojtedily e^l-deanaatratsd oa free piston 
eipsipnant tested at Sac^own;, Cenersl 
Electric, and MIT. Bowever, the eosolative 
operating tlas of free piston ^glnes in the 
sise range of interest Is still less than 5000 
hours with the Icwgcst operation, of a single 
engine being sheet 500 hours. Oespite the 
superficial slnplieity, of a free piston 
Stirling engine, there are still difficulties 
In transfer niag tikis simplicity into taschan- 
Ically reliable hardware. 

Free piston engines do not require shaft 
seals as dO' hinenatic engines. However, they 
still require piston seals, high temperature 
heater heads, and relatively cotgplex control 
systeis. As a result, reasons for shutdown in 
free piston equtpeent has, to a great extent, 
paralleled that of kinematic equipment. Due 
to the United tmsaat of operational experi- 
ence, there is net a statistical breakdown of 
the shutdo^m nodes. 

RACKING OF STlRUHe MGIHE APFUCATIOHS 

Stirling engine application classes were 
ranked for two different stages in the devel- 
opment of StlrXlBg engines; current technology 
and developed technology. 

For current Stirling engine technology, 
none of the terrestrial application* were 
shown as being pxesdsing for Stirling esgiines, 
due to their lack of dewintstrated life and 
reliability. A sore asaningful exercise is 
the assessaent of the potential of future, 
wore developed Stirling engines that meet 
reliability sad life goals of the various 
development prograios. l2o changes are asswiited 
for conventional engine technology since the 
time period for developtnents in this area are 
long, relative to those in the comparatively 
undeveloped Stirling engine field. In the 
ranking it is still assuned that Stirling 
eiiginos do not coapare favorably with Internal 
combTOtlon engines relative to cost, weight, 
and sixe due to previously discussed factors. 
Figure 1 sunsiurlses the ranking of the appli- 
es tioiBS for developed Stirling utgine tech— 
oologies. 

The top row In each category Is the 
arsight. This Is the inportasice of that 
particular attribute (such as low eMssleae or 
low cost) to the application. Tte secestd cow 
is the asees^^sist of conveaticml es^inB 
techiiolegy to that application. The upper 
left hand n«»her is the raw score given that 
engine and the lower right hand ms^ier Is the 
T«®l®hted score. Tfee third row i® tSse saseas- 
mat of Stirling engine techsolo^ in that 
appSicatioa. “Rie wpp«s left hand bisbjIm** is 
th« raw score given that ot^ine a^d the lower 
right hand la the weighted score. 

For both ths umveatlosiftl esid Stirling 
eir:gins tsctmologies tha score le based on the 



Table 4 




Simary Of Accnsolated Operation TUne For ASK Bitglnes 
And Kean Operating Tina To Failure 


0P[MTI(») Km M>ERATIH& TI(€ TO 
EW61WE TIME FA1U«E (hrs) 


ASE 40-1 (HASA) 

238.0 

6.43 

ASE 40-7 («T1) 

206.0 

7.95 

ASE 40-8 (Spirit) 

292.44 

3.75 

ASE 40-12 (Concord) 

140.4 

14.04 

ASE 40-4 (USSw) 

6134.46 

91.56 

ASE 58-1 (USSw) 

172.06 

15.64 


* All classes of failures, since initial start of the enqine, are 
included in the calculation of o®an time to failure. This includes, 
for exait^le, replacement of comj>3ssents due to iresidual core particles 
in engine due to improper cleaning, burner blotter belt failure, 
cracked spark plug, etc. 

SOURCE: NASA/La«is ASE Program, Reference 


engine that is best-suited or is currently 
belnis used in that application, the perfoir- 
nance of theses esigines assuues the "high 
quality" end of currently available technology 
for conventiotial engines and the successful 
completion of ongoing developt^iat prograsts for 
the Stirling engine. 

The colustu labeled "totals" includes the 
SUB of the weights (row 1) end the suss of the 
weighted scores, in rows 2 and 3, for conveai- 
tlonal enginess and Stirling engines, respec- 
tively. The colum labeled "engine score" is 
the of the weighted scores divided by the 
SUB of the H«:ights for conventional engines 
end Stirling engines in row© 2 and 3, respec- 
tively. The coUuEst labeled "classification 
spread" Is the difference bet%s<isea the Stirling 
engine score and Che conventional engine 
score. The greater this nuBber, the better 
the Stirling engine Io>oks relative to a 
conventional engine. 

the ranlLlng process requires BSihing 
BS®ero«8 j«dg«®SBt8 as to the relative perfor- 
lumce cheitacteristlcs of both Internal com- 
bustion and Stirling engines. Hskieg theae 
j«^g«siente i«i co^licated by the limited 
operational esperience with Stirling engines. 
The Judg.e$>wnts c^de relative to conveiatioinel 
engine tetdmnlogies are consistent with the 
charactecistlca listed la Table 3 for rep-- 
reMutative engines in each cat^ory. this 
raahi&g proc«ts8 is useful in bighli^ttc^ 


major issues affecting the potential use of 
Stirling engines. However, due to the highly 
judgemental nature of individual entries to 
the ranking process, undue importance should 
not be attached to nodest numerical differ- 
ences* in total scores. 

Figure 2 susassarlces the results of 
ranking process. There is a rather wide range 
In the potential for Stirling engines in the 
different application classes. For purposes 
of this discussion the applications were 
divided into three categories. 

NOT PRCSIISIKC 

Low Osage Equltwsent - Application Is not 
dependant on the attributes of the Stirling 
engine for success. Depends heavily on 
factors such as cost, site, and weight in 
which the Stirling engine does not fair well, 
and has very stiff cos>petition from conven- 
tional engine alternatives. 

IKT8I8SS01ATE - In these appllcf; ; ions the 
potential advantages of Stirlii^ engines, even 
In their developed state, appear to be atodnst 
as coaapared to wore c<%>veiitloiaal alternatives. 
However, in applications with very large 
market potentials, these wodest advantagee 
could etlll have signtficait total lo^acts on 
a national ecalo. 

Li ^t Duty Kcd>i le - Cosmetic Ion frosa 
conveat ioasl Bagine technology (Diesel and 
Otto cycle engines) is extremely k««n, with 
both types recetvins intensive develogoksnt 
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Figure 2 Relative Ranking Of Stirling Koglne ^plications 


effort frosa public and private sources. Cost„ 
sise. and weight restrictions are severe, and 
there is significant infrastructure for 
conventloosl engine technology already in 
place. Ho«^ver, the potentially large a^^rket 
and inpact of these engines eay warrant 
covttinued parallel development of the tech- 
nology. 

I ndustrial E ^uij i yTO t - There is a rela- 
tively ss^ll s^rket ^ich is reasonably 
well-served by conventtonol alternatives, 
although posititre attributes of Stirlitig 
engines ere potiinat tally important in these 
applications. 

H illtary Quiet Pc*er - Also a relatively 
sa«all earkat with difficult (e»p®nsiv@ and 
tii^ consQiaing} certiftcett«m procedures 
(nllitary ep«i£s> a».<J control rsi-qutrKssnfce. 
Eowever, cost not a« critical m/& advantages 
of Stirling eagisses era lo®©st«at in thla 
application. 

FSMKSIf^ 

~ **®® ® lArg® 

pot^tiai eatrkair, 4^ tess cc@^tlti«a cnginaa. 

Aetribotes of Stirlis^g tecteology {Itm 

uolee, lew h%h e££icia%cy) era 


critical in this application and cost, (.eight, 
and sire re<iuir<iH£C!nts are not as critical. 

Spac a Fovar - Although a ^aall aarket, in 
terms ^ amber of units sold, potential 
attributes of free piston Stirling engines 
very ispartamt, and cost not an laportant 
factor. 

Raaete lUialti-Bial - Cosip«tltloa is not 
currently serving this market adequately 
(priiiarlly using lowpansiva gasoline engines 
and smll Eleaelu) , sissce none are nulti-fuel. 
Coat, alne, «8^ w«ight constraints cr« not 
critical. Eiittkitt is large particularly in 
rewte araas of deTOioping ccuntrlas. There 
ia s3um petentiai for sigjslficant dosMistic 
market, Iss re»ot® areas «r t» eacond or 
vscatiKs ht»»3 tmy few e&a pewer lines. 

IMtiua tfefeile Pwwig — Although 

coa^tlttoi is tot#i, coat, else, end weight 
c(^traiwta ae« less tbm with ll{^t duty 
es^iie psms mi Stteliag angina attributes 
are as to tMs ^laration. 

Satee *■ toegis potwittol maeket ces^tl- 
ties to fceai B^iktoe cycto end Besytea c^ 
gtoes, m «ll m ptotcmltatos. Stirling 
aegtoe attrtonte® amft as ttfSictoney are 





Inportmt tki« agrpllcatiLon cost 

lotr MilAteoMCtt ax* taiportant conatraints. 

tara* S tatlanaxY fgaax - Coat> welsht. 
a<id sl«a onisctraiats aot critical. Rultlfoel 
capability desirable aa are othsr Seirllag 
attributes. Marbet relatively aaell* wid vill 
not likal]' Justify dev«loim»nt of waglses 
specifically for tkla aerfeat. 

Tbsse nine applications represent Hsore 
than 99 Z of unit sales, cR<£luding m^all, lijtbc 
duty applications, such as lawn Boners, chain 
eaus, gerdan tractors, etc. 

SSLECriCQS OP BASELIHE STIRLIK 6 ENGINE 
.STS^S 

Ther«! are a nw^er of applications with 
diverse msirheta which show good poteatial of 
being aerted by Stirling engines, assosing 
engines are developed tdaich aeet the priamry 
goals of preset devel^sent program. 

Co^m engine deeigsti can he developed 
which, wi th alaor wodificsitlons, can be used 
to serve a Bultlplicity of applications. 
Developing s suall nusher of baseline eoglne 
systess has the following advantages: 

- Results In engines which can serve a 
variety of poteatial aarkete. thereby reducing 
developae&t risks. 

- Allots for reduced devclopseat end 
manufacturing costs, since a small nu^er of 
comma engine designs can be produced in 
larger quantities. 

~ Addresses epecialistid sarkets with 
particularly favorable nsar-tem potential 
with engines which can be eventually used in 
larger n^irket seg^uts. 

It iihoald b® noted that the above &p~- 
proach for Stirling engines is not funda- 
e^ntelly different frx^ that followed with 
conventional engines. Basically, similar 
engines are oft«^ used Co satisfy widely 
divergent applications. For eaasiple, autosao- 
tive englnee are used for ivrrlgatioa pusping, 
and on a limited basis, for cost^rcial scale 
gas fired hast pt^s (in Europe only, at this 
ttwe). 

Four engine classes were . 'sntlfied which 
cotild address ell the favorable applications 
listed albove; single rural power; silent 
pouer ges^ratorn; auto^tive and autosgative 
derived oaglnes; at^ large, high duty cycle, 
staCionaiy power. 

A «i:«dl nwi^r of eiitsinee in each class 
c^tld bo used to serve a mULtiplielcy of 
applications, yhin concept is illustrated Iv. 
Flgucea y end 4 for ail«tne powsr gertoratore 
and ezatcitotiv* ex eutotgoclv* derived engtees. 
Fox es;^!pl*a eagiees Iti tbs latter estogory 
could be used fox c€nai«!«eial heat pti^s, 
marins dxiv«[^a emS escex f«wti«ras as 

well sm fer tb<s largar earfents s«pre«ente4 by 

t@ebil@ {E0W8X. 

nay rsyxfissBt @ear-eer% eppsrtu»iti@s f@r 
Stirl&»@; sime® th& Stixllng e^ina 

attribnS:es wsro oftsa of is^xtauce 

in esvoxal ef 


Coaceptual aagine designs were prepared 
for each of the four engine classes. In these 
conc^taal deslgos. the engine syatest is 
deflmd. as all those cotqtonents needed to 
perfozn In a given application including 
cooling systems and puspn, cottbustors, bat- 
teries, control systems, and. In soote cases, 
fuel tisafcs, not Just the prime mover or 
mechanical part of the syste%. 

For each application class there are a 
number of Stirling engine cc. figurations which 
could l>e selected as the baseline design. For 
exaa^l<», either free piston or kineaatlc 
Stirlli^ engines could, in principal be used 
in all application classes. In this section, 
the baseline engine design selections are 
consistent with the essphusis of current 
progriBBS. 

Ihe conceptual designs selected were: 
Rural Fower licit - 1 Ua hot air klneBstlc 
engine using biotssss fuel; Silent Power Unit - 
3 W free piston engine with linear 
alternator; Autosaotive Derived Power - 55 kVI 
kinenatic engine based on HOD— I design (propu- 
Isioa), ai!id - 30 UU automotive engine derated 
for Icmger life; Stationary Power - Scaled-op 
autfsaotive engine systm. 

Figure S illustrates the design of a 
ccMMStcial heat pu»p system using an automo- 
tive derived engine. Table 5 provides a 
co^arison of this design with a "conventional 
option" using a Diesel engine. As indicated, 
the Stirling engine would have significant 
perforamnee advantages relative to such 
importaiit paesasters as efficiency, noise 
levels, and emissions as compared to the 
alteraative arrang^ieat based on already 
dcMmstrated Stirling engine characteristics. 
Bowever, the potentially favorable application 
places severe constraints on engine life 
(2O,0ODv hours) astd tisie-between-iiaintenance 
requiressinits (2,0G0v hours) both to satisfy 
application needs and to meet the coapetltion 
presented by an I. C. engine. As Indicated In 
Table 5 these requirements are still ”To Be 
D«aaoj3i8trated" for Stirling engine systems, 
elthoie^, as Indicated previously, some 
studies have indicated that these goals nay be 
achievAle through operacitmal and design 
K*a41j:ic*cion and/or derating. The other 
coatseptvuil design indicate equally favorable 
potential for Stirling engines if life and 
reliability Issues can be successfully re- 
solved. 

smAm Am cmcuisum 

SetrlSmg engines have already demonetxac- 
ed aiMEP of the requlreitencs needed to be 
sctrtfttlwa Cor um in application claasea of 
p«S*atS«l interest. I® particular, high 
efftcl®^. multi-fual capabllltlea, low noise 
and vibration, as well its low esiasion levels, 
are c^meterlstica have been denon- 

stmeed tm test syaten«i. Even those charac- 
teri^tiee which put Stirling mgiuee at a 
disadvinataigie relative to nsre concentloaal 
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Figure 3 Applicatloos Potentially Served By Silent Power Generator 





Figure 4 Applications Potentially Served By An Autoasotlva Or Autoeotlve Derived Stirling Engine 
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Figure 5 tonceptual Design Of An Automotive Derived Engine In A Cosamercial Heat Pump Applicati' 


Table 5 


Comparison Of Conceptual Design Parameters With 
Application Requirements — 

Automotive Derived Total Energy/Heat Pump Drive 



Cta Requbtiram 

R^ntso^na* Ei^:^ C^eSiHtty 

Sserfisis EnjflnQi 

Lml 

saufflkw 

70 kW 

Can Cover Ran^ 

EfftciSTviry 

30-«0?5 



Emisskirs 

Site Spamfic \ 

I 


No^ liive) 

Site S(»cific \ 

Quartionable (or Many : 

Inheremty Low and 


(Only Local Regulation at 1 
Piessnt) ^ 

ASpiStaitions i 

WiE)jn Raquirements 

Hs«t Rt eovE^v 

Printary Importance 

From Exhaiist Gases. Oil Sump 

Fro«T\ Coolant; Minimal 



and Codtoit; at Some Additional 
OrM 

AtMitiorsaJ Cost 


12 Timas/Yr (2,00(1 
5.000 Hoursl 

1,000 Hours 

TBD* 

Life Efiforc Wsiof O^fertusui 

7-15Yrs- 15,0ffil2S.01M 
Houra 

"uStOjCOSI Houn 

T&O* 


Highly OewreW®. but 
Pi<}t CrittsaS 

Very Limtted 

Exsatteot 

CcsS 

S2®l$SWtsW 

siso-sasmap 

Eitd of Cost Range 
Rrcbrt>(y Achiaw^ie 

W^#it 

7-20fcg/KW 

ISkgAW 


Si^ 

■O0S-.O15 m* AW 

0.013 m* Aim 

\Midi<n Rengfi 


i. to ho a 330$. 

3. dSBaenstmM” by futum prasr» inittattm. 

3. ea Sv^sm 09a?i@ir8l<wv 



options, such as size, weight, and cost may 
not be serious drawbacks In most of the 
applications of primary Interest. Hany of the 
more favorable applications are now served or 
could be iserved by relatively high cost ($100+ 
per kW) , heavy duty engines . This provides 
additional Incentive and flexibility In the 
design of suitable Stirling engine systems 
with regard to engine cost requlresseots. 

Table 6 qualltacivcly summarizes the 
overall results of the study and Identifies 
those critical Improvements in performance 
which Stirling engine systems must achieve to 
be consistent with the broad requirements in 
each application class. The identification of 
key development issues assumes that ongoing 
activities are reasonably successful in 
achieving programatic objectives. For exam- 
ple, it was assumed that the off design 
performance goals of the free piston heat pvmip 
programs can, in fact, be demonstrated, that 
efficiency projections for automotive systems 
will be achieved, and that automotive tech- 
nology could be scaled up to result in large 
stationary power units. With these as- 
sumptions, there remain several critical 
development needs which are not adequately 
addressed by ongoing programs. A coemion theme 
fer all application classes is the need to 
emphasize designs which are consistent with 
long life, low maintenance o>-':ratlor«. The 
quantitative disparity betweo:. the life 
requlrem€:nts of alu'ost all applications of 
interest and the engine durability deewnstrat- 
ed to date is very large. All applications, 
except automotive and other light duty vehicu- 
lar, require engine lives in excess of 20,000 
hours. On this iiaportant issue, the require- 
ments of the autoiK)tlve application are 
relatively modest, being only about 3500 
hours . 

If these life and reliability goals can 
be densonstrated without large comprcsmlses in 
other required features (such as high effi- 
ciency) or large increases in cost, the 
Stirling engine would be a highly cosspetitive 
option in all but very light duty applica- 
tions. On the other hand, without achieving 
(or at least approaching) these life and 
reliability objectives, the other desirable 
attributes of the Stirling engine will not be 
sufficient to result in coioaerclally V'lable 
systems. 

Also indicated is the need to co'osistent- 
ly demonstrate high efficiency levels in order 
to satisfy application class requir«®onts. 


This is due to the fact that Stirling engines 
■BSt often compete with I.C. engines which can 
baste efficiencies ranging trom 2SZ for smaller 
gasoline engines to 40Z for larger low speed, 
Diesel engines. It will be important for 
Stirling engines to show a distinct efficiency 
advantage to provide an inceptive to pursue 
tfeeir development. This is especially true 
for aatoaotlve applications where lower fuel 
cemsunption would be a major incentive to 
off-set higher first costs (by as much as 
SOX), and larger size and weight. These high 
efficiency goals are, in fact, state goals of 
ongoing programs. The need to actually 
demonstrate a consistent capability to meet 
titese goals is shown to emphasize their 
importance. 

The important development needs for 
Stirling engines, i.e., most critically to 
desonstrate longer life and higher reliabil- 
ity, are conmon to all the application class- 
es. The overwhelming need in this area should 
guide future program initiatives so that 
resources can be focussed on addressing this 
critical Issue. Present programs have, for 
the lEost part, emphasized achieving other 
lE^rCant operational goals (low emissions, 
lower cost, etc.) and system issues with 
relatively modest resources directed toward 
technology developments to specifically 
address life and reliability questions. 

All the application classes share some 
coasajon technical issues impacting of life and 
rclisibllity, namely piston seals, shaft seals, 
and high temperature combustor/heater head 
subsystems. The details of the technical 
requirements for those subsystems can differ 
significantly between applications and system 
configurations. For example, low power level 
free piston systems can have a gas gap or 
hydrodynamic seals where high power density, 
double acting, automotive kinematic engines 
require sliding seals. Despite these differ- 
ences, it appears that there is a high degree 
of commonality between the essential Issues of 
life and reliability which face the different 
Stirling engine application class. As a 
ressslt, Stirling engine development programs 
for obstensibly different applications might 
have a high degree of overlap in their devel- 
opi^nt needs. This could provide additional 
opportunities to more effectively use limited 
resources to address basic technical issues 
coarason to a range of Stirling engine systems. 
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Table 6 


Suatnary — Stirling Engine Status And Developg«nt Needs 


APPLICAT![QN CLASS TECHNOU^Y STATUS IMPOftTAHT DEVaOPMEHT ItEEDS 

Simple Rural Power Recent testing indicates - Oeroonstrate life In excess 

good promise for simple of 10,000 hours with low 
fired hot air engine maintenance regui resents 

- Ing)rove efficiency to 
15-25S range 

Demonstrate life in excess 
of 20,000 hours 

Demonstrate capability of 
2,(K)0 hours operation 
without maintenance 

- Consistently achieve 
efficiencies in excess of 
30« 

Automotive and Automotive 
Derived Engines 

(a) Automotive Testing has demonstrated - Denonstrate life of 3,500 

most important operating hours with low maintenance 

requirements and projec- requirements 

tions indicate further 

improvements in - Denonstrate that efficiency 

efficiency projects can be achieved 

(b) Automotive Derived Same as automotive - Deaonstrate life in excess 

of 20,000 hours with low 
maintenance requirensents 

(c) Staitionary Power Design studies and auto- - Demonstrate life in excess of 

motive testing both show 50,000 hours 

promise of achieving roost 

of required operational ~ Denmnstrate overhaul intervals 
characteristics excess of 5,000 hours. 

- Demonstrate capability of 40% 
efficiency on range of liquid 
and gaseous fuels 


Silent Power Testing of both free 

piston and kinoaatic 
engines have demonstrated 
most of technical 
requi remen ts 


so 



RSFEREMCSS 

1. "AutOBiotlve Stl^rllng Engine Developaent. 
Progrca - MOD- 1 Stirling Engine Systen 
Perfomance," M. liotrSy, presented at 
Autoaotlve Tecimology Developn«aat Con- 
tractor Coordimatlon Meeting. KTI Report 
Ho. 81 ASE 224 PR 17. October l$8l. 

2. Autonotive Stixling Engine Develoi>nent 

Prograa: Quarterly Technical Progress 

Report for Period: January l-March 31, 
1981. M¥I Report Ho. 81 ASE 213 QT 12; 
HASA Cr-165393, August 1981. 

3. Design Study of a Klnestatic Stirling 

Engine for Dispersed Solar ElectrU Power 
Systeies: United Stirling of Sweden - 

Final Report; HASA CR-1S9S8B; 1980. 

4. "First Phase Testing of Solar Therssl 
£:ngine at United Stirling," H. Percival. 
B. Helwing; presented at Annual Parabolic 
Dish Solar Theraal Prograa Review 1981, 
sponsored by Jet Propulsion Labs. 

5. '"Test Results and Facility Description 
for a 40 Kilow'att Stirling Engine," G. 
Kehu, J. Calrelll, R. Walter. HASA Lewis 
Research Ceirter, HASA TM-82b20, June 
1981. 

6. Stirling Engin es; G. Walker. Clarenson 
Press, Oxford, 1980. 

7. "Stirling Power Conversion Unit Continues 
to Meet Goals," PDTS Highlights Vol. 2 
No. 2 by Jet Propulsion Labs for DOE, 
April 1982. 


8. Cu»ueilgu4 fcoK HASA Lewis Research 
Center ia premaitation to DOB. 

9. "the Potential of the ntilipa Sctrltng 
&igiiie for Pollntloa Reduetloa amt Energy 
Omservatioia,'' t. Mcijer. C. ^igt. 
presented at Seccwd Sy^osiua on Low 
PollutioB Power Systeas Developneot. 
organised by Coswittee ora the Clisllenges 
of Modem Society of the HATO; Bowsidter 
1974. 

10. "Design of a Low pressure Air Engine for 
Third World Use." J. Hood. B. Chagnot, L. 
Penswlck. Suspowcr. Inc., 17th XEiCBC 
Proceedings, August 1982. 

11. Personal CCKaounications with Sunpower, 
Inc. 

12. "V180 Stirling Engine... For a Total 
Energy Systea," Stirling Pmrar Systeas, 
presented at Sth International Sy^K>slun 
on Autoswtlve Propulsion Systeras, April 
1980. 

13. Autoootlve Stirling Engine Development 

Prograa: (Quarterly Technical Progress 

Report for Period October 1, 1979 - 
Deces^r 31. 1979, HTI Report Ho. 80 ASE 
116 QT 7. HASA CR-1S9827, Hay 1980. 

14. A Conceptual Study of the Potential for 
AutowoCive-Derived and Free-Piston 
Stirling Engines in 30-300 Kilotiatt 
Statl<mary Power Applications, A. Tatsky, 
H. Chen, J. Dineen, Mechanical Technolo- 
gy, Inc. MTI Report No. 81TR38, NASA 
Report Mo. NASA CR-165274, Hay 1981. 


bl 



Msch«nie«l Techmilos/ Inc. 


The AutoiBotive Stirling Engine (ASE) Develop- 
Bent Program has been under contract fr<Ma DOE/NASA 
since March 1978. Four Mod I engines have accumu- 
lated iBore than 1338 total test hours. One of 
these engines was installed in a transient test 
bed (TTB) where its transient characteristics were 
evaluated. This iccompl ishment marked the 
completion of a major program milestone, estab- 
lished at the orogrism’s inception and scheduled 
for completion by September 30, 1982. The ASE 
program has continued to meet its contractual 
requirements despite the uncertainty surrounding 
Goverrusent appropriations. 

V" Major design changes were made in the Refer- 
ence Engine Syste-i Design (RESD) to reduce manu- 
facturing cost. Advances were achieved in the 
areas of combustion,, low-cost material, seals, 
drive system, regenerator, and control system 
develo[>sQent . A design effort to upgrade the Mod I 
is proceeding on schedule for system test in April 
1983. 


THE AUTOMOTIVE STIRLI.SG Engine Developtaent Program 
was awarded to Mechanical Technology Incorporated 
(MTI) in March 1978 to develop automotive Stirling 
engines and to trasisfer Stirling engine technology 
to the United States. United Stirling AB (USAB) 
of Sweden is a major subcontractor to MTI due to 
its extensive and qualified background in Stirling 
engine davolopoient. American Motors (AM) General, 
a second subcontractor, provides the critical link 
between the engine sj’stem and vehicle (see Figure 
1). The performance objectives of the ASE program 
are: 

e 30% improvement in fuel economy over equivalent 
production spark- ignition engine 

® Low exhaust emissions (gr^as per mile) 

- IK S 0.41 

- CO S 3.40 

- NQjj £ 0.40 

- Total Particulate Level S 0.20 


REFERENCE ENGINE SYSTEM DESI(»i 

The ReTerence Engine System Design (RESD) is 
defined as that engine providing the best fuel 
economy while also meeting or exceeding the ASE 
program objectives. The initial RESD was 
completed and reviewed in January 1980. In March 
1981, the RESD was updated. This update resulted 
in a combined mileage projection of 41.1 mpg 
(unleaded fuel), with the engine installed in a 
1984 X-body 2870- lb curb-weight vehicle. A cross 
section of the updated RESD is shewn in Figure 2. 
Immediately following this design update, the RESD 
was submitted to Pioneer Engineering and Manufac- 
turing Company for an estimate of its 
manufacturing cost. The results showed the trans- 
fer cost to be above but competitive with internal 
combustion and diesel engines. 

Further, it was apparent that the trend in 
vehicle systems was headed towards a considerable 
downscale in curb weights, to weights well below 
that of an X-body vehicle. As a result, concern 
arose as to whether Stirling engines could be 
packaged in siaall-size vehicles. Therefore, 
during the past year, the RESD task has concen- 
trated on reducing manufacturing cost ai,d 
ev'aluating downscaling effects on the engine 
des ign . 



Fig. 1 Autoiaotive Stirling Engine 
Program Contractors 






Fig. 2 Reference Engine System Design 


RESD COST REDUCTION - A value-engineering 
design effort was initiated on' the RESD that 
emphasized the need for manufacturing cost 
reduction. All proposed design ctianges were eval- 
uated against the baseline cost established from 
the Pioneer study. The following material substi- 
-utions reduced the cost of specific components; 

e Heater head tube material changed from Inconel 
625 to iron-base CG-27. 

® Gas cooler tubes material changed from stain- 
less steel to phosphate-coated carbon steel. 

e Preheater matrix material changed from Sandvik 
253!!A to Arsico 12SR or 18SR. 

Further, several design concepts were incorporated 
to reduce the RESD manufacturing cost; 

© One-piece equal-angle cast-iron V-block 
e Perforated plate gas cooler 
© One-piece piston dome and rod assembly 
e> Balance shaft elimination. 

Table 1 summarizes the manufacturing cost 
reductions assoc;iated with each of these concepts. 

DOWNSIZED RESD STUDY - In reviewing the 
requireMAts for the downsized RESD, it was 
concluded that ci 2250-lb curb-weight vehicle with 
an engine ct^partcsent equal to a K-body vehicle 
tfould be used. The study results sltowed that a 
V-driv* or U-drive four-cycle Stirling engine 
could be designed and packaged to per fora in a 
ssftsll-sisa vehicle while meeting aad exceeding 


pxogm objectives. A preliminary cross section 
of a downs izisd RESD is shown in Figure 3. A major 
design concept utilized in the downsized RESD was 
the use of an annular heater head as oiqiosed to the 
canister heater head used in the Nod I engine and 
full-size RESD. Figure 4 shows the profile of an 
annular heater head with one quadrant reisoved. 
Note the cosy>act, simple construction as coo^ared 
to the canister heater head (Figure 5J with canis- 
ter regenerators placed on an outside radius from 
the cylinders. 

PROOF-OF-(MNCEFr PROGRAM 

Within the ASE program, the Mod I is the 
experimental engine. As the first of two exper- 
imental designs originally planned, the Mod I was 
designed early in the program and tested during 
the past year. The second experimental design was 
designated the Mod II. Due to funding cutbacks, 
the Mod II design and its associated development 
efforts were never initiated. Since the funding 
cutbacks were so extensive, the only alternative 
was to make the Nod I engine the program's only 
experimental engine. Because the Mod II engine 
design was postponed and the RESD embodied the 
technologies and design coaicepts that would have 
culminated in a Hod TI engine, it was reasoned 
that the existing Mod I engine could be used to 
develop and demonstrate RESD technologies. Renee, 
the proof -of-concept program emerged. The Mod I 
engine hardware program would demonstrate and 
develop those technologies that were not initially 
in the Hod I but were estbodied in RESD technolo- 
gies. This technology demonstration would be 
accomplished through a series of two upgraded Mod 
I designs, identified as the Mod I-A and Hod I-B 
engines. Figure 6 compares the design and test 
schedules of the Mod I-A and Hod I-B engine 
systems to the original Hod II program plan. 
Further, the approach of upgrading the Mod 1 
design, as opposed to starting a new Mod II 
design, was economical. The upgraded Mod I would 
use basic .Mod I hardware, thus eliminating the 
high cost of new tooling. 

MOD I-A EMIINE 

DESIGN GOALS - Design goals were established 
for the Mod I-A engine consistent with the 
proof-of-concept program and its milestones. 
Since existing Mod I engine hardware would be 
used, there were limitations to the improvement 
that could be demonstrated. Figures 7, 8 and 9 
show Che goals estebllshed for the Mod 1-A, their 
time and how these goals compared to the 


Table 1. RESD Hanufacturing Cost Reductions 
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Fig. 8 Engine Specific Weight Design Coals 
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Mod I (both projected and actual data) and the 
KESD. The figures show coteparisons for power, 
specific weilghi, and maxiisuia brake net efficiency 
goals and include estimates for the current 
configuration of the Mod I -A design. Table 2 
suffisaariaes the .Mod I-A design goals. 

DESIGN CHANGES - In upgrading the current Mod 
I engine to the Mod I-A engine, design changes 
were eade that followed the proof -of -concept 
program by drawing on RESD technology. 

P art -P owe r Op tii eizat ion - Since engines oj>er- 
ate at lo«: speeds during cost of an autcaotive 
driving cycle, the RESD had been optimised at part 
power to provide peak efficiencies it low engine 


speeds. To upgrade the Mod I. additiooMl 
part-power i^tteixatloa was Mde. This resulted 
in a Mod: I-A design with snaller regeoeratox and 
cooler diwaetara than those in the current Hod I 
engine. Ttils design ai^roach provided the Kod I-A 
with a aajor weight and cost benefit. 

Operating TeaB>eratute - The current Mod I 
engine operated at 720*C. In upgrading the 
desigBt the cqseratlng tecaperature was raised to 
820**C, a tei^rature consistent with the RESD. 
This higher cqierating teaperature provided the Mod 
1-A with the higher Camot-cycle efficiency poten- 
tial of the RSSO. 

Weight - Since the weight of the current Hod 
I engine was above its S87-lh gpeil, one of the 
eajor design goals for the Hod I-A was a lOO-lb 
weight redaction. Weight reduction was accoa- 
plished by designing a snaller diasater preheater, 
reduced-sise heater head housings and lighter 
control systen cmaponents. 

laiproved Efficiency - To ioprovo engine effi- 
ciency, losses were reduced in the seal and drive 
systems asi well as in the external auxiliaries. 

Nonstratcgic Materials - One goal of the 
RF.SD, and therefore of the Hod I-A, was the use of 
low-cost saterials void of strategic eleraents. 
Desi^ of the Mod I-A using nonstrategic naterials 
in the heater head was a najor step toward achiev- 
ing this goal. The Mod I-A cylinder and 
regenerator housings would be cast from XF-818, an 
iron-based material, rather than from the 
cobalt-based alloy HS-31 used in the current Mod 
I. Tiiba material was changed frem the 
cobalt-based alloy N155 multimet to CG-27. Table 
3 compares the dramatic reduction in the' use of 
strategic materials in the Mod I-A design to that 
of the current Mod I. When compared to the materi- 
als estimates for the RESD, the design of the Mod 
I-A was consistent with the proof-o£-concspt 
program. Fig;ure 10 compares the currant Mod I 
with the lighter, smaller and more powerful Mod 
I-A engine. The major design improvements 
discussed in the above subse-tlons are identified 
for reference. 


Table 2. Mod 1-A Design Goals 
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Table 3. Reduction in Strategic Elements 
In Hod I-A Design 
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single-orifice air-atoaized fuel nozzle. Blowout 
perforaiance of these two nozzles was also satis- 
factory, and occurred in a fuel flow range of 0.1 
to 0.25 gm/sec. As a result of these tests, the 
Delavan dual-orifice fuel nozzle was selected for 
the Hod I -A engine. Figure It compares the scali- 
er Delavtui fuel nozzle to the larger 
single-orifice fuel nozzle on the current Mod I 
engine. 
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Fig. 10 Mod I-A Compared to Mod I 


COMPONENT DEVELOPMENT 

In support of the design concepts and tech- 
nologies being incorporated into the Mod I-A 
engine design, an extensive component development 
is underway. Although many components are 
currently under development, two key cotaponents, 
fuel nozzles and low-cost materials, are discussed 
in the following subsections. 

FUEL NOZZLES - The current Mod I 
single-orifice fuel nozzle was designed for air 
atomization. Ttiis design required a separate air 
compressor, an extra a.ixiliary that demanded as 
much as 3% of the engine power. Fuel nozzle devel- 
opojent for the Mod I-A was directed toward a 
nonair-atomized design and a lower idle fuel flow. 
Current Mod I idle fuel flow was approximately 
0.45 gia/sec. Since a major percent of the automo- 
tive driving cycle is spent at idle, it was 
determined that reduced losses in the Mod I-A 
would lower the idle fuel flow to 0.25 gio/sec. 
This would provide the Mod I-A with a significant 
gain in fuel economy. 

Several types of fuel nozzles were evaluated 
for spray quality. Based on this evaluation, two 
fuel nozzles, a piloted air blast nozzle and a 
Delavan dual-orifice nozzle wore selected for 
further evaluation in a free burning rig and a 
co^ustion performance rig. Tlie free burning rig 
test compared the ignition and blowout limits of 
these two nozzles to the limits of the current Mod 
1 fuel nozzle. Both experiaental nozzles deisoa- 
strated an ignition delay time less than 0.2 
seconds, a 3K. improveiaent over the current Mod 1 


Fig. 11 Fuel Nozzle Coz|>arison 


MATERIAL/HIGH TE.MPERATLRE DEVELOP.MENT - For 
the RESD to meet its design goals, the hot engine 
components must be capable of reliable and durable 
operation at a heater head temperature of 820”C. 
Further, the l<»,'-cost casting alloys used as heat- 
er head materials must be capable of operating at 
this high temperature. Since the inception of the 
ASE Program, the development of low-cost casting 
alloys has concentrated on eliminating cobalt-base 
materials (HS-31 and N'155 multimet) in the cylin- 
der and regenerator housing castings and tubes, 
respectively. After considerable screening, the 
alternative casting materials to HS-31 were 
reduced to CRM-6D, XF-818 and SA-Fll. The alter- 
native tube materials to N155 multimet were 
reduced to: Inconei 62.5, S.ANICRO-32, 12R.N72 and 
CG-27. Although the development effort continues 
to obtain fundamental design data on these materi- 
als, actual engine tests were also considered 
essential to determine o.xidation effects. There- 
fore, a P-40 heater head was configured with 
differeitt casting and tube materials in each quad- 
rant. The heater head was placed in a P-40 engine 
l.HTP-40) and tested under cyclic load at 820°C. 
Tile material combinations for each of the four 
quadrants in the heater are shown in Table 4. 
Spare heater quadrants were available in case of 
failure. After 1454 test hours, the engine was 
stopped due to repeated failures in the 12RN72 
tubes. Tubes in the quadrant containing 12R.N72 
^u^e being replaced with cobalt-base N155 multimet 
f'hing and tests will resume toward the goal of 
20o0 hours. The test cycle was set up to subject 
the heater head to increasing pressure and cyclic 
load in order to accelerate fatigue and creep 
dasiage. Pressures were Increased to higher levels 
every SOO hours, until failure was expected near 
the 2000-hour test point. 
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Table 4. HTP~40 Heater Head Quadraut 
Material Conblnatlons 
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MOD I ENGINE TEST PROGRAM 

Four Mol I engines are currently testing in 
the ASE program. As shot'n in Figure 12, a total of 
1338 test hours have been accumulated. Engines 
Nos. 1, 2, and 3 were procured and assembled at 
USAB, whereas Engine No. 10 was of U.S. manufac- 
ture and assembled at MTI . The number ”l0" was 
assigned to the MTl-assembled engine to identify 
it from the three European-manufacture/USAB- 
asseiiibled engines. The manufacture, assembly and 
test of Engine No. 10 marked a distinct deison- 
stiation of the level of Stirling engine 
technology transfer to the U.S. During the 
procurement phase for Engine No, 10, taore than 30 
U.S. vendors participated. 

Engine .No. 1 has accumulated a total of 613 
test hours. After an acceptance test with a new 
digital control, this engine was shipped in early 
February to AM General for installation in a Lervoa 
vehicle, designed to serve as a transient test bed 
(TTB). This installation was completed by the end 
of Hay and the initial testing began. Figure 13 
shows the TTB installation. This Installation 
helped to achieve a major program milestone by 
allowing the transient characteristics of the Hoc 
I engine to be evaluated and accomplished on sche- 
dule at the end of September 1982. Currently, 
Engine No. 1 has lo^ed 92 test hours in the TTB, 
369 St. arts (124 in the TTB) and 619 miles. 

Three separate Constant Volume Sampling (CVS) 
tests were conducted on the TTB. Results showed 
repeatability and fuel econoiay consistent with 
predictions. HC and CO emissions levels met 
program goals and .NO emission levels also 
compared favorably with predicted levels. The 
exhaust gas recirculation (EGR) system used in the 
current Mod I gives NO^ levels above the program 
goal of 0.4 grams per mile. With further 
coabustion system development in the Mod I -A 
engine, this goa! will be met by virtue of the 
higher mileage predicted for the RESD as coepared 
to the Mod 1 mileage. 

Engine No. 2 has reaained at USAB, where it 
has cowplot.ed a series of development tests and 
accumulated a total of 425 test hours. This 
engine was assembled initially as a basic Stirling 
engine (BSE). A BSE, shown in Figure 14, does not 
have a com.rol system and auxiliaries mounted on 
it. This configuration provided the capability of 
measuring engine power and efficiency without the 
interference of these systeaa losses. Engine 2 
uns testea to evaluate an EGE cosbustor systen. 


This engine was then reconfigured as a Stirling 
Engine Systea (SES) to include all control system 
codponentst and auxiliaries. Figure IS shows the 
Mod I engine conflgared as as SES. The data 
obtained fron the tests perforraed on Engine No. 2 
provide Itack-to-back comparisons of BSE and SES 
power and efficiency losses. 

After an initial functional checkout at USAB, 
Engine Ko>. 3 was shipqped to MTI where a complete 
functional test and an acceptance test were 
conducted. This engine is currently being reas- 
sembled at USAB to begin a 2000-hour endurance 
test progrea. Engine No. 3 has accumulated a 
total of 261 test hours. 

Engine No. 10 completed assembly at MTI in 
August and has accumulated a total of 39 test 
hours. It is currently undergoing an acceptance 
test. Figure 16 sumstarizes the major program 
milestemes accomplished during the past year on 
each of the four Mod I engines. 

MOD I ENGINE HARDWARE DEVELOPMENT 

The Mod I engine program did encounter vari- 
ous development problems. Although many of these 
problems were minor ones and were solved during 
the normal course of development, the following 
subsections discuss four areas where major prob- 
leiEs occurred. 

CASTTNGS - The Mod I engine assembly schedule 
had been paced by the delivery of cylinder and 
regenerator housing castings. The castings (Fig- 
ure 17) are finished machined and brazed with 
tubes to form a heater head assembly. Two casting 
vendors were established to supply these castings: 
Bulten-Kanthel in Sweden and {decision Castparts 
(PCC) Corp. in Oregon. Both foundries experienced 
porosity problems with the cylinder castings. 
During the casting process, the regenerator hous- 
ing experienced core failures auring the waxing 
process. This was due to high loads on the canti- 
levered core "wings”. Initially, a high scrappage 
rate was experienced, which caused delayed deliv- 
ery dates. This experience served as input to the 
Mod I -A design. 



Fig. 12 IM I Bttgiuei Twst Hours 
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Fig, 15 Mod I Stirling Engine System 
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Fig. 16 Mod 1 Engine Test Milestones 


Fig. 14 Mod I Basic Stirling Engine 
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Fig. 17 tfesd I Cylinder and Regenerator 
Rousing Castings 


A second development problem with the Mod I 
arose during the crucial transient test bed 
program conducted on Engine No. 1. Engine No. 1 
was configured with an electronic digital control. 
Use of this control greatly increased the engine's 
cold start transient start-up time froaa the slower 
start-up tisfte experienced earlier with an analogue 
control. As a result, the rear row tubes arid fins 
in the heater head expanded thermally at a more 
rapid rate than the inherently cooler manifold. 
Tills increase caused areas of high stress in the 
braze between the tubes and manifold. To relieve 
this stress and provide flexibility in the tube 
arrangement, the fins were cur between each tube 
row from halfway above the manifold base as shown 
in Figure 18. 

The Mod I engine was initially designed and 
built with a. cosibustion gas recirculation (CGR) 
system. As shown in Figure 19, the CGR system 
recirculates a small percentage of the exhaust 
gases back into the combustor before these gases 
exit through . the preheater. The CGR system 
controls SO^ emission levels by reducing flame 
temperature. Figure 20 shows both top and bottom 
views of the CGR combustor liner. 

Ejector nozzles in the combustor liner are 
used to pump exhaust gases back into the 
combustion chamber before these gases exit through 
the preheater. Early engine testing showed large 
variations in the circumferential temperature 
profile on the heater tube walls, thus indicating 
poor mixing of fuel and air resulting in unstable 
cffiiibustion. Further, during cold start 
transients, cherslal stress failures were i xperi- 
enced in the support structures between the 1 iner 
and preheater. Analysis showed that the lighter 
combustor liner expanded more rapidly than the 
colder, more massive preheater. This growth 
differential overstressed the support structures, 
leading to their failure. As a result. Engines 
Nos. 1 and 3 were retrofit with an EGR system that 
recirculates exhaust gases back into the cocabustor 
after these gases exit through the preheater. 
This oKxlif ication allowed for a lighter, more 
flexible comibustor liner design, thereby avoiding 
thermal fatigue failure of support structures. 



CT8neSlB-8 


Fig. 1.8 Hod I Heater Head with Cut Fins 
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Fig. 19 Hod t Combustion Gas Recirculation 
Syst^ (CGR) 



Fig. 20 »tod I Co^ustlon Gaa Recirculation 
(CG8> Liner 



Although the CGR systea experienced the above 
development probleas, it is the nore efficient 
isystee and therefore is incorporated into the 
ItESD. The EGR systea has several disadvantages. 
First, it reduces blover efficiency since inlet 
air tessperature is higher than on a CGR system. 
Further, since inlet air contains exhaust gases, 
preheater clogging is more likely to occur in an 
EGK system. However, the CGR system was deter- 
mined to require further development before being 
configured into the Mod I-A and .Mod I-B engine 
hardware. 

MOD I PERFORMANCE 

The Mod I engine characteristics for both 
power and efficiency, as measured on Engine No. 1 
with a CGR combustor, are shown in Figures 21 and 
22, respectively. These data are compared to the 
Mod I performance predictions. When data from 
Engines Nos. 2 and 3 are compared to data from 
Engine No. 1, consistency in power levels but not 
in efficiency levels is evident. Figure 23 shows 
power levels at the maximum working gas pressure 
of 15 MPa for all three engines. Engine No. 2, 
when tested as a BSE, had an understandably higher 
power level since auxiliary losses were not 
included. When configured with an EGR system. 
Engines Nos. 1 and 3 showed approximately the same 
power levels as Engines Nos. 1 and 2 with a CGR 
system. .Although analyses are not complete, the 
improved circumferential temperature profile 
experienced with an EGR combustor could be 
cancelled by increased blower power. 

The earlier efficiency levels measured on 
Engine No. 1 have not been duplicated in subse- 
quent testing on this engine or on Engines Nos. 2 
and 3. Generally, the efficiency levels remain 
below 352 as shown on Figure 24. 

When configured with an EGR system. Engines 
Nos. 1 and 3 showed lower efficiencies than 
Engines Nos. 1 and 2 configured with a CGR system. 
Further analysis showed that blower efficiency did 
decrease with the higher inlet air temperature 
associated with an EGR system. .Analyses are being 
performed on engine-to-engine hardware differ- 
ences to account for any causes for efficiency 
level variations. 

MOD 1 TRANSIENT PEKF OR.MANCE 

As stated. Engine No, 1 was installed in a 
transient test bed to evaluate control, emissions 
and fuel econemy performance. The transient test 
bed is an American Motors Cnrp, Lerma vehicle 
chassis with a Chrysler wide-tr.iio 3-speed auto- 
matic transmission with lockup, a 2.73-tear axle 
ratio, air conditioning, potier steering and power 
brakes. Inertia weight of the TTB is 3750 lb. 
Fuel economy predictions were made for Engine .No. 

1 with an EGR combustor system using unleaded fuel 
at 11.1 hp road load; 

CD Urban Mileage; 19,1 mpg 
m Highway Mileage: 30.0 mpg 

e Coffibined .Mileage: 22.8 mpg. 


emission levels were predicted to be 0.84 
grams per mile. HC and CO emission goals for the 
program were 0.41 and 3.4, respectively. Table 5 
summarizes the transient test data. 

Mean 



Fig. 21 Mod I Stirling Engine System Data 
Power Characteristics 



FiR- 22 Mod I StirlioR Engine System Data 
Efficiency Characteristics 


61 



Table 5. Mod I Transleat Test Data (CVS Testing) 
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Fig. 23 Mod I Stirling Engine syscera Data 
Power Comparisons (at 15 MPa 
Working Gas Pressure) 


SUMMARY 

This paper has described the major ASE 
program accoisplisheients made during the past year. 
Time and space do not allow for reporting on all 
activities. The advances made in Stirling engine 
technology is moving ahead very rapidly. Improve- 
ments are being made in the use of ceramics for not 
only the preheater but also for the regenerator 
matrix. Such breakthroughs will have a profound 
effect on reducing manufacturing cost. Combustion 
system development is directed toward effective 
fuel nozzle designs with large turndown ratios. 
The successful development of a CGR combustor 
system is imminent. Piston rings and main seals 
are continually under development to improve reli- 
ability, durability and installation simplicity. 
If the Stirling engine is to be adapted success- 
fully to the automotive mission, the control 
system must be capable of reliable and repeatable 
transient performance. Development is also 
focused on the use of an air flow meter and fuel 
flow meter to better mate with an automotive elec- 
tronic digital control to allow precise and rapid 
control of fuel and air ratios. A major program 
goal next year will be the assembly and test of the 
Mod I-A engines to demonstrate higher efficiency 
and lower specific weights. 



Fig. 74 .Hod I Stirling Engine System Data 
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ABSTRACT 

Tbe_ Mod I Stirling Engine, the f StirTinj;’ 
Engine designed specif ical ly for ahtoraotive appli- 
cation, i.'i unde? ttevelopaent at Mechanical Tech- 
nology Thcorporated l.'fTI) as part of the 
Department of -Enargyrsponsored Automotive- Stiaec' 

4ASfi> R-rograa. The initial I 

j characterization of the first Mod I engine was 
completed in Avigust ’.^81. Since that time, devel- 
opment efforts have added significant steady-state 
data to the design base, as well as accomplished 
initial engine transient evaluation through fuel 
econcKny testing. Relative to earlier P— iO Stir- 
ling engine-powered vehicles within the ASE 
program, fuel economy loprovements of up to 50% 
have been achieved with the Mod I engine. An 
advanced version of this engine, the Mod I-A, is 
currently in the design stage; analytical projec- 
tions indicate substantial improvements in engine 
specific weight and fuel economy. 

MOD I STIRLING ENGINE SYSTEM DEVELCPME.NT during 
the past year has concentrated on the building and 
testing of two additional engines, and the contin- 
ued. testing of the initial Mod I engine, improve- 
ments identified during the early stages of the 
Mod I testing are being pursued in the Mod I devel- 
opment program, as well as in the design of an 
advanced Miod I engine, the Mod I-A. 

.u — Testing of the Mod I engine has established 
purforaance levels during steady-state operation 
and has documented auxiliary power consumption. 
Base-line transient test bed assessments have 
demonstrated significant improvements in fuel 
economy relative to previous Stirling-powered 
vehicles. JChie — pap^' preS'SStO’ the results of 
these tosit programs ■ and p-ioject-s performance 
Improveasents achievable in the Mioii I-A engine,* i ^ <•- 

ENGINE CHARACTERIZATION DATA 

Figujas T presents power characteristics for 
the engines tesfid in the Mod I development 
progras; for tho sake of clarity, only the 15 MPa 
(Usd S MiPa E®aa charge pressure levels are 


included. The 15 MPa performance curve represents 
the maxirauii) available power level, and the 5 MPa 
data provide performance indications at average 
operating conditions in a vehicle system. The 
total engine-to-engine power variation was less 
than 1 kW at all power levels, while the maxiramo 
power level demonstrated by all engines also 
exceedisd the minimum level established as the 
final acceptance criteria. 

Figure 2 shows efficiency levels attained 
during engine testing. In comparison to power 
variations, the variation in efficiency level from 
engine to engine was greater. Engine #1, during 
final acceptance testing at L'nited Stirling of 
Sweden (L'SAB), showed the most significant devi- 
ation in efficiency level jf>erformance . Although 
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the reason for this variation is not completely 
understood at this time, three contributing 
factors serve to qualitatively explain the higher 
efficiency level of Engine <11: 

1. This engine ran with the initial version of 
the combustion gas recirculation (CGR) combu- 
stor, for which high-teraperature spreads were 
measured on the heater head tubes and working 
gas temperature. Although the measured aver- 
age heater head temperature level was 
maintained equal to that used during other 
engine testing, the actual effective working 
gas temperature could be higher than indicated 
due to the incomplete temperature coverage on 
the heater head. 

2. Following steady-state acceptance testing, 
transient tests indicated the desirability of 
modifications to achieve more rapid changes in 
engine power during deceleration. This effect 
was achieved by enlarging the internal lines 
leading to the working gas removal system, 
thus increasing dead volume in the engine cold 
space and rtflting in a lower steady-state 
efficiency level. (All other engines have 
since incorporated the enlarged internal 
lines, as did Engine #1 for its testing at .MTI 
and for the Lerma transient test bed installa- 
t ion . ) 

3. During the final acceptance testing, engine 
performance may have been affected because 
spacer rings above the regenerators became 
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warped, causing changes in hot space dead 
volume and altering flow distribution through 
the regenerator. 

Engine #1, as tested at MTI, utilized an 
exhaust gas recirculation (EGR) combustor, 
enlarged internal lines, and non-warped spacer 
rings. It should be noted that the performance of 
the engine in this configuration agrees very well 
with that demonstrated by Engine it2 and #3. 
Furthermore, the efficiency levels of all engines 
met or exceeded those established as acceptance 
criteria. 

As mentioned earlier, high heater head 
temperature spreads were encountered during the 
initial testing of Engine #1 with a CGR combustor 
(Figure 3). Due to the rigid construction of the 
CGR combustor, warping of combustor mountin and 
sealing hardware was also encountered duri g the 
rapid thermal transients of engine starts. Tnere- 
fore, it was concluded that further CGR 
development was required and that EGR combustors 
would serve as interim combustors for the Mod I 
engine. As shown on Figure 3, the heater head 
temperature spread is drastically reduced with tVic 
EGR combustor. 

Testing of an EGR system for the Mod I engine 
was accomplished using two engines to establish 
and verify an optimum EGR schedule for providing 
acceptable emission control and engine performance 



Heat Input to Hoaeet Heap (MM) u,>, 

.'^ig. 3 ECR/CGR Heater Head Temperature Spread 




(X).* The performance impact of the selected EGR 
schedule is shown om Figures 4 and 5. Figure 4 
illustrates the degradation of engine power with 
increasing amounts of EGR; the selected EGR sched- 
ule is superimposed on this curve and shews a 
negligible effect on power level. Similarly, 
Figure 5 shows engine net efficiency degradation 
with increasing EGR and also includes the selected 
EGR schedule. The EGR impact at the maximum effi- 
ciency point is small (0.3 percentage points) and, 
at the average operating point, shows an efficien- 
cy degradation of O.'i percentage points. 

A comparison of emissions characteristics of 
the EGR and CGR combustors showed a decrease in CO 
emissions, with an increase in SO^ emissions 
level; hydrocarbon (HC) emissions were negligible 
with either combustor. As illustrated on Figure 
6, the EGR system provides improved CO emissions 
characteristics at the higher fuel flow rates. 
The NOjj comparison (Figure 7) shows that emissions 
are higher with the EGR combustor than with the 
CGR combustor; nevertheless, based on current Mod 
I fuel economy levels, maximum NQjj emissions 
levels of 1.0 g/mi will be met with the EGR system. 

AUXILIARY POVfER CONSU.MPTION 

Testing included documentation of Basic Stir- 
ling Engine (BSE) and Stirling Engine System (SES) 



performance on the same engine. The difference in 
performance level between these two configurations 
represents the power consumed by various auxilia- 
ries. Figure (t presents the measured power 
difference obtained via tests on Mod I Engine #2, 
compared to the sumoiation of measured power 
consumption obtained via rig testing of the indi- 
vidual auxiliaries. The total auxiliary power is 
the measured difference in power output between 
BSE and SES tests. 

The auxiliary rig tests measured power 
required for SES steady-state operatic..; the 
following operating conditions applied: 

1. Hydrogen Compressor: operating in the 
short-circuit mode 
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Fig. 6 CO Eirdssions - Mod I Stirling Engine 




Auxiliary Power (ItW) NO, Emissions Index (g/Irg fuel) 


2. Corabustion. Air Blower: nominal operating line 

controlled! by air throttle setting 


tloa. Servo oil pomp providing flam to 
coafieftsate for system bj^ss leakage 


3. Atomizer Air Compressor and Servo Oil Pump: 
atomizer air compressor discharge controlled 
via press’.ire relief valve as in engii><^ opera- 
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4. Alternator: providing power for electronic 

control system. 

The cooparrson of total measured auxiliary 
power to the summation of individual component 
power requirements reveals excellent agreement 
(see Figure 8), with a difference of approximately 
0.7 kU at naxlnuffl power. 

E.\G1NE CTl aZATION BATES 

Since the start of the Mod I development 
program in January 1981 through September 1982, 
1338 hours of testing have been accumulated on 
four engine:s. Figure 9 presents this test experi- 
ence as an average monthly utilization rate, and 
compares it to the utilization rate achieved with 
the P-40-7 Stirling engine at .MTI's facility 
during calendar year 1961. It is noteworthy that 
the average utilization rate for the Mod I 
engines, even during the initial famll iarizat ion 
testing, is S0% higher than that achieved with the 
P-40, a more mature engine. The Mod I engine 
design changes, directed at improved reliability/ 
operability, have resulted in a decrease in engine 
downtime. 

TBA.SSIENT TEST 3F.V) (TTB) FUEL ECONOMY 


Fig. 7 NO^ Emissions - Mod I Stirling Engine 



En^me Sjieed (rpaa) 

Fig. 8 Mod I Stirling Engine 

Auxiliary Power (15 MPa) 


Mod I Engine !?1 is dedicated to the develop- 
ment of transient systems within the ASE program. 
To provide this capability, it has been installed 
in an AMG Lerma Transient Test Bed (TTB) for opti- 
mization of engine/vehicle system characteristics 
and development ot the various engine control 
sysioas. Performance improvements realized 
through this development process can b.; measured 
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by ioprovestents in vehicle fuel economy; hence, an 
initial TTB mileage evaluation was established to 
provide the base line for this testing, and exten- 
sive docuacntatioa was acquired to enable assess- 
ment of any systea changes. First, Engine #1 was 
fully characterized in MTl’s test facility prior 
to installation in the Lcrna TTB. Emissions data 
and standard engine performance data were recorded 
and utilized to provide base-line engine maps for 
computer code assessment of vehicle mileage and 
comparison to any engine modifications accom- 
plished during development. (Engine character- 
ization will be repeated in the event significant 
modifications are incorporated.) Following char- 
acterization and installation, base-line Constant 
Volume Sampling (CVS) tests were accomplished and 
analytical mileage projections were established 
utilizing MTl’s vehicle simulation code. Three 
separate tests, each consisting of a cold start 
urban cycle and a highway cycle, were conducted. 
Test results to date, along with projections, are 
shown on Table 1. Excellent agreement with 
projections, including both mileage and .S'Ojj emis- 
sions levels, has been achieved. The data 
repeatability for the three runs was excellent, 
with a standard deviation in mileage of 1-2%. The 
progress of the ASE program, as measured by this 
base-line testing, is shown in Figure 10. A 
direct comparison of as-recorded fuel economy 
between Mod I data and previous P-40 vehicle data 
is invalid due to the differences in test weights 
and power-to-we ight ratios for the three vehicles; 
accordingly, the ?-40-pcwered vehicles have been 
analytically adjusted on Figure 10 to show 
performance that would result at the same 
po«er-to-wetght ratios and test weights. As 
adjusted, the Mod I base-line testing represents a 
50% and mileage improvement over the P-40 Opel 
and Spirit vehicles, respectively. Figure 11 
presents a breakdown of the e.nergy consn.-ned during 
the urban and highway cycles for the Mod I Lerma 
system. As is illustrated, significant amounts of 
the total engine energy "se i21% of urban cycle 
and 38% of hig.hway cycle) are consumed by 
lower-end engine friction drive unit, seals, 
rings), au.xiliiries and cold-start penalty 


.MOD I -A PERFCHMANCE 

The Mod I -A engine design (2) is aimed at 
providing inproved performance levels relative to 
the .Mod I, and also at continued proof -of-concept 
demonstration of a projected advanced ASE design, 
known as the Reference Engine System Design. In 
addition to the normal design goal of improved 
cycle efficiency, the Mod T-A design effort is 
addressing the energy consumption losses deter- 
mined by the Mod I Lerma system testing. Table 2 
summarizes luialytically projected improvements in 
the Mod I -A engine and compares them to current 
analytical utodelling of the Mod I engine. Several 
design changes (see Table 3) contribute to these 
maximum power and efficiency level improvements; 
these include: 

e Increased set temperature to provide improve- 
ment in cycle efficiency 

• Redesign of heater head and regenerator to 
achieve improved castability and more optimum 
part power performance with minimal effect on 
maximum engine power output 

• Incorporation of rolling element bearing drive 
unit and improved seal designs to decrease 
friction, losses 

• Incorporation of new fuel nozzle system to 
eliminate air atomizer compressor and associ- 
ated power loss. 
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Table 2 Mod I-A Performance Projection 
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In addition to these steady-state performance 
improvements, a reduction in cold-start penalty is 
projected as a result of the lighter-weight, rede- 
signed heater head and external heat system. It 
is anticipated that a 1<% reduction in stored heat 
iuhich translates to a O.S mpg urban mileage 
improvement) will be achieved with the Mod I-A 
design. The overall projection for the .Hod I-A 
engine is that combined fuel economy will improve 
approximately 3 mpg or 13^ relative to the current 
Mod I system.. 


Table 3 Major Iraproveaaent Areas for the 
Mod I-A Stirling Engine System 
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IMTRWTIOd 

TteTimr4t~t aoorted in th iS-.n8j3«p-4< ijartref 
the je^iffle-dasel«pm»t- tssfes-Wttitn the 1 

r -^«MttKe-SticliB8-EBS^lne-eKS^®pffia. A first 1 
gesieratlon en^iiie, celled Kod I has been 
^veloped within the progr^^ end has been under 
test since the beginning of 1S81. To date four 
engines have been built and tested for over 
13(M) hourSj,s 

rHiiese engilnes now serve asi baseline 
experimental engines in ttte p?'ogr^. The 
upgrading of ilod I will prove technologies 
embodied in the Reference Engine 3yst^ tesign 
(SESD). 

The paper hi flights design isprovesients in 
the first phase of this "Proof-of-Concept.“ 

Wn objectives for tJ»e present design, called 
>^d 1-A, have been: 

i Improved power and pmsr density 
(specific t®1ght) 

i improved fuel econosy,^ 


an engine block t^ich in turn is placed on the 
crank-case. Ti» displacesaent is 123 cc per 
cylinder. The cra>dt-case contains two 
crank-shafts which are synchronised and coupled 
to an output shuft by gears. The reciprocating 
parts are of a cross-head type design in order 
to achieve a linear piston-rod Kowsent «diich 
makes it itossible to efficiently seal off the 
voluses containing the working fluid. 

(Refer to Fig. 1. ) 

In designing for automotive plication, 
hi^ power to weight ratio is an ft^rtant 
objective. This has been achieved laainly by 
use of alminiuB in most of the cold parts of 
the enginii and having only one 
regenerator/gas cooler unit per cylinder. The 
oechanical integration of the engine Is 
achieved by the use of tie-bolts between the 
heater head and the crank-case. 


effici^ncjjT'^^ Ju 


EliSI»£ DESIKh DESCRIPTIOS - OESISH «)ALS 


fefe1e~}-irl8«ifs Hod I -A goal s^ relative to Kod 
I data. In addition the design'^ has focused on: 

• reduced aamifacturi ng cost^, 

•* void of strategic *jaterlals,^/.vi^f 

• better packageabi 1 1 ty (reduced size). 

I<k>d I-A ils due to be tested in April 1983. 

and to demonstrate also improved 
1 durabillity and reliability/.^ 

• transient capabi 1 i ty 


With the overall design goals in mind, 
representing a step forward to raeet the 
characteristics projected for RESO, the Mod I-A 
design has becotne specified gradually based on 

* Bod I experiences, strengthsA«eaknesses 

* results frosa component devel&inaent 

* design studies and analysis of 
alternative campanent configurations. 


EI^ISE BESra DESCRIPTKS3 - BASIC CCKTIGliRATK® 


(Refer to Fig. 2.) 


The geneiral f&id I-A configuration Is the 
same as for Hod I. i^ich in turn was based on 
United Stirling's P40 engine. The 
confi^ratioii is characterixed bty a coeiiHiStor 
©B top facing dcMsmrds, a pi ate- type 
ceister-floM air-preteater surrcunding a heater 
bead, which consists of a circular array of 
involute shaiited tubes corrected to parallel 
cylisMfcrs aw* regeragrator twjusings. The four 
cylinders are arrayed in a sguare, placed on 


The eiajor design changes from ftsd I to Mod 
I-A, tdtich are intended to prove adepts in 
the S£SD. relate to: 

' part iKMsr perforaance optiurization. 
reduced losses 

* increased ojwratiRg tesperature in a 
lower cost nen-strategic oaterials heater head 
(specified design tss^erature is 8^*C) 

- Imer specific i^ig^t and less 
co^lexity. 

















TherelFore. «ml also for laprovii^ 
rellabim^ and dsaonstratliHI endurance and 
cost reduction potentials, all engii^ 
subsystens have been up^atled in various ways. 
Table 2 sis^rizes salient Nod 1-A advances. 

To redsjce hardware rislcs. Nod I and Nod I-A 
subsystems are also desigm>d for 
1 nterchar^ieabi 1 i ty . 

ENSINE DE:S16M DESCRIPTION - EXTERNAL l€AT SVSTEN 

The Ni>d I-A external heat system is the 
%mQ typo os the present for Nod I. It has a 
counter- flow recuperative air preheater. 'Hje 
heat exchar^r matrix consists of a large 
number of thin plates, se«si welded together. 

(Refer to Fig. 3.) 

The ni>w design Is less bulky since th 
preheater is located closer to tiie heater tube 
array. 

Nore efficient insulation is used to 
further reduce overall size. Air ami exljaust 
gas manifolds, optimized for flcxiC distribution, 
are more inte^ated to the preheater. 

Hie entire unit has also been erade more 
tolerant to thensal transients. 

Internal seals and those at the bottom 
plate and upper cover should be wore reliable. 
System assembly is simplified by using clamping 
rings instead of numerous bolts around tlie 
periphery. 

The cover is shaped to allow combustion gas 
recirculation (CGR) or exhaust gas 
recirculation (EGR) type cm^stor. Both types 
are under experimental evaluation. Ih^tever the 
current desi^ calls for an E6R system. 

EKSIME DESIGN DESCRIPTIOM - PREHEATER 

The preheater plates consist of a 
corrugated part in which the true counter flow 
occurs. 

Botli ends are extended to fom headers for 
ttifi air and ewt^ustion gases. 

(Refer to Fig. 4. ) 

The distance between two plates is defined 
by ttie corrugation and the plates are wsided 
together in a cylindrical structure. The gap 
between all plates is kept constant by beading 
the plates in an involute shape. 

The exhaust gas is collected in a eanifold 
just outside the matrix ainS fr^ there it is 
diverted throu^ exhaust pipes. The fresh air 
fro@ the blo^r is directed into a sanifold 
before it eaters tiie preheater e^trix. In this 
way tite air will be evenly distrilHited over the 
entire prefjeater estrix. 

(Itefer te Fig. 5. ) 

BasedI on optimization for part piMr. tiw 
Ri^er of plates has been descreased. to order 


to reduce heat comtaction los»s and cold start 
penalljr. the plate thickness has also been 
decrease fHw 0.15 to 0.1 as which contrilNites 
to lower weij^t and cost as well. 

Cost-CQsq>etitive naterial alternatives have 
been tested for fdrwabllity and weldability. 

The selected saterial. 253 NA has the following 
composition, (t): 

“Te C SI — PE P T — Cr~TI! — I” 


bal. 0.08 1.7 0.8 0.04 0.03 21 11 0.17 
EI^IIE KSI6H CMESCRIPTION - CONBUSTOR 

A reliable cenbustor system and conbustion 
control is required to meet emission objectives. 

* NOx • 0.4 g/mile 

* CO = 3.4 g/mile 

* UC B 0.41 g/mile 

Particulates > 0.2 g/mile 

In order to keep the low MO. level, the 
co^ustion tea^rature oust be limited. Kith a 
CGR coidbustor this is achieved by means of 
ejectors in the preheated air path. Part of 
the coii^stioR gases are w1t-*idrawn before 
entering the preheater and recirculated into 
the coabustion area where it decreases the 
temperature. In an EGR combustor, exhaust 
gases are Instead recirculated after passing 
the preheater. The blower has to feed gas back 
through the preheater into the combustion 
area. This adds coaqilexity to the air/fuel 
system and. indicated by CQaq>arative tests, 
reduces overall efficiency. 

( Refer to Fi gs. 6a and b. ) 

The Nod 1 CGR combustor has the space 
between an upper and a lower liner divided into 
10 channels separated from each other by 
straight partition walls. This honeycomb 
structure has suffered from stiffness. 

Thermal transients have caused geometrical 
defomations resulting in widely varying heater 
twperature profiles. Back-up EGR combustors 
have not shown such tendencies. (Refer to Fig. 
7.) A KmI I-A design has been performed 
(EGRK Natching this type coeibustor with a 
non-air atoaized fuel nozzle is in progress but 
disadvantages for the air blovier and throttle 
rmii R. 

(Refer to Fig. 8.) 

In parallel, a lighter and E^re flexible 
CGR cluster is bei^ developed. Its air and 
coiiibustioR gas mixing channels are »parate 
tubes. are fr^ to expand int^wndent of 
a single upper liner n^ich carries the ejectors 
and attaches to the preheater. Its cold start 
penalty (weight) and cost are significantly 
1(Mr than for tite present I COR version. 
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Ei^IHE DESIGN DESCRIPTION - HOT ENGINE SYSTOI 

The Stirling cycle heat exchangers (heater, 
regenerators, and coolers), have been 
reoptlalzed for automotive part po»er 
conditions with Increased operating 
temperature. 820*C Instead of 720*C. This has 
resulted In reduced dlsmnslons. especially for 
the r^enerator/cooler unit. The temperature 
Increase gives significant efficiency 
leiproveKnts. In addition, reduced size hot 
parts give less cold start penalty. The 
resizing also gives o^er benefits like lower 
weight arid thereby reduced manufacturing costs. 

In oinler to further reduce vanufacturlng 
costs, tlie heater head has been designed for 
low-cost non-sl^ateg1c materials. Therefore 
the cycl€^ optimization has been Iterated with a 
thorou^ stress analysis. Relative material 
costs, alloy composition, and the stress 
analyses logics are shown In Figs. 9 and 10. 
Selected e^terlals are 

• tubes: C6-27 for low chromlw content 

• castings: XF-818 for weldability 

(repair) 

Of course the selection is based on a wide 
range of criteria and the [properties mentioned 
are only special advantages for each iBaterial. 

In redesigning the cylinder and regenerator 
housing, special attention has bee" paid to 
improve (inwestfaent) castability and it is 
believed frcsi vendor consultations, that the 
present design is much better than the original 
for (tod I. 

Heater Head - The Mod I -A heater head has 
retained the conically Involute shaped tubes 
and one canister regenerator per cylinder. 
Involute shaped heater tubes with a 90 degree 
span means that the manifolds can be located 
close till the center of ttie cylinders and 
regenerator housings for a good working gas 
flow dis;tribution. This heater tube geoswtry 
also gives a constant gap along the tubes, 
which rcisults in a good outside flow 
distribution and heat transfer from the 
combustion gases. 

(Refer to Fig. 11.) 

The Ktod I heater heads were nad.,- with 
Haynes Stellite in Ute housings and *fith 
(toHieel in the tubes. 

The redesign for less costly iron base 
alloys and elevated operating tes^rature 
(820*0 has also allowed for other 
iiiiprovefEents: a lighter flassse shield, simpler 

insulation cover plates, cheaper surface 
extension fins, and T/C Instrussentation on the 
outer strais^it part of the tubes. 

(Refer to Fig. 12.) 

Regenerator - The re^nerator diKsnsions 
and porosity have been optimized with rej^rd to 
the c(®b1ned effect of cycle efficiency 
par^ters ami the cold start penalty for both 


the matrix and Its bousing. Hie flow 
distribution gap above the regenerator has been 
carefully tuned to tiie dome-shaped top of the 
housing. This shape has contributed much to 
reduced stresses and thereby smaller wall 
thickness and lower weight, idilch results In 
less lieat conduction and cold start penalty. 

The reduced diameter also made It possible to 
simplify the tie-bolted flanges for the whole 
heater bead: two split f larges per quadrant 
without retainer rings: 8 Instead of 24 pieces. 

Gas Cooler - The part [Kwer optimization 
takes Into account the number of cooler tubes, 
which has been reduced by almost 25X. 

Height and cost decreases correspondingly. 

ENGINE DESIGN KSCRIPTIOH - C%0 ENGKE SYSTEM 

Static Parts - For experimental purposes, 
the Mod I structural cold engine system was 
made up from several mating parts separated by 
nunerous high pressure static seals. This 
gives cnaponent testing flexibility but also 
requires many extra machining tolerances and 
rigid quality cmitrols siirce the functions of 
piston rings and main rod seals are so 
sensitive to misalignment and dome gap 
variations. 

(Refer to Fig. 13. ) 

The Mod 1-A design Integrates a mraber of 
ther.e mating parts. This reduces weight and 
manufacturing costs and simplifies the 
asseadily. Engine reliability also becomes 
li^oved via relaxed tolerance stack up and 
reduced niMier of seals. For example, the 
cyl 1 nder-1 1 ner/diat-pl ate 1 ntegratl on 
eliminates 8 large dimeter o-rlngs and the 
seal-houslng/pliablng Integration eliminates 12 
»aaller o-rlngs. These Integrated parts are 
made in nodular cast Iron and aluminium 
respectively. 

The smaller cooler diameter results in 
reduced loading on the duct plate. Its wall 
thickness and support ribs have therefore been 
decreased to give lower weight. With the new 
preheater bottom plate, the cast-on flange of 
the water jacket can be eliminated. 

Reciprocating Parts and Their Seals - The 
piston rings have to efficiently separate the 
expansion side and the compression side cyclic 
pressures froos each other. Differences in seal 
capacity will result In deviating cycle 
pressures unless a well defined “reference 
pressure*, equal for the four cycles. Is 
ciaimtained between the rings, (tod I has this 
space connected to the common mlnlmun pressure 
llnei. (Refer to Fig. 14.) By arranging this 
venting through the cylinder liner, the whole 
dome volume can be closed off from 
participating In rapid power changes. Cap-seal 
rmivsl also requires the same arrangement. In 
order not to pass over the venting comtectlim. 
the piston rings must be more than one stroke 
apart. This means that the upper ring Is now 
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sliding closer to tlie hot side of the engine. 

On the other hand, the doeie to piston 
attactnoent area Is redesigned to reduce heat 
flow to the ringi groove. It also still 
reverses below the highest cool1r<g water 
level. The piston Is even designed to accept 
an alternative pressure-balanced type of piston 
ring, which Is mow being rig tested. 

The sliding piston rod isain seal tystera Is 
basically the saoe as for the present Mad I. 

The seal cartridge parts are only slightly 
rifled to give favourable operating 
conditions. The general principle Is to 
guarantee good allgtstient and linear i&ovment 
back and forth. The rod centers all sating 
surfaces. The iHid In turn Is centered by the 
crosshead and t>ie piston guiding ring. 

Therefore the cross head guides are isounted 
Into the seal housing plate before final 
machining, giving a more accurate concentricity 
to the diameter that Is piloting the cylinder 
liner. The seal cavity dimensions can allow 
altered PL-seal geometries to be tested. 

The Hod I-A pistons and domes are 
significantly lighter than their predecessors 
and lend th«ase1ves better to low cost 
production. Tfie weight reduction also results 
In smaller crankshaft balance waists. 

EMGIHE DESIGN DESCRIPTION - EN3IIE DRIVE SYSTEM 

The Mod I engine drive system is a dual 
crankshaft design chosen for structural 
symHietry and ease of assembly in the heater 
head area. Two of the four cylinders in a 
square formation are connected to each 
crankshaft. Synchronizing the four working 
cycles with a 90 degree phase-angle apart can 
be made in different ways. 

(Refer to Fig. 15.) 

Mod I has the two crankshafts coupled to an 
output shaft by gears but also has built-in 
possibilities to use a chain or links for the 
synchronization. Maintaining these options 
means a weight penalty. 

(Refer to Fig. 16.) 

Mod 1-A retains the gears. Omitting the 
alternative synchronizations makes It possible 
to reduce not only weight but also crankshaft 
bearing dimensions and mechanical friction 
losses. One motoring unit with reduced 
bearings has been tested without any functional 
problems. It was also tested with a reduced 
capacity oil puEH> and alternative synthetic 
lubricating oil. Although the expected 
perfoneance gain remains to be validated, the 
laentloned modifications will be Introduced on 
Mod I-A. 

In parallel, a more advanced design, using 
rplllt^ element bearings Instead of plain 
bearings will be evaluated througii functional 
rig testing. It has l<^r projected frictional 


losses and a better low-speed/Mgli-fivessttre 
capability. After successful testii^. this 
drive will be; a stronger candidate for the Nod 
1-A engine drive systeo. 

ENGINE DEStGW DESCRIPTION - OWTROLS tm 
AimiLIMlES 

Potnsr Control - The Nod I power control 
si/itm has been built into aodMlar blocks 
according to the schesw. Major parts of this 
systen are tlte hydrogen storage tank, hydrogen 
cospresair, supply, dump and short circuiting 
spool valve and servo actuator. 

(Refer to Fig. 17.) 

To Increase power, the spool valve Is moved 
upward ty tin; actuator. Thereby, hydrogen 
flows from the high pressure storage tank via 
the spool valve throu^ the supply line to the 
engine. 

To decrease power, the spool valve Is 
reversed. During the Initial part of the 
(Kivosaent, dicing of hydrogen from the engine 
via the compressor to the storage tank 
decreases the po«»r output. During the second 
part, short clrcultli^ of hydro<|^n between the 
cycles Is added, thus giving a <pi1ck decrease 
of power. 

Mod i-A Modifications - For Hod I-A, tlie 
power control system. In a variety of ways, has 
becase less complicated and heavy. The general 
re-arrangaKnt Is shcnm schasatically In 
Fig. 18. It has less pluming and a reduced 
nmber of fittings and h1^ pressure seals. 

This Is partly due to the Introduction of an 
Integrate seal housing design. The new 
arrangement also Improves the serviceability of 
the entire engine syst^. 

(Refer to Fig. 18.) 

Air/Fuel Control - Mod 1 uses the Bosch 
K-jetronIc mechanical fuel Injection system as 
the air- fuel control device. Disadvantages 
with this system are: high pressure drop, 
especially at low air flows, difficulties In 
changing the air- fuel ratio and difficulties 
with altitude and pressure corrections. An 
alternative Isa system with a separate air 
flow transducer with te*^;. rature and pressure 
corrections, and a fuel 'etering p«np with an 
equalizer valve as the fuel distributor. Such 
a systms gives a lower air pressure drop with 
lower blower power consumption as a result, and 
a siKftle way of changing the air-fuel ratio. 

(Refer to Fig. 19.) 

Mod 1-A Modifications - Mod 1-A will 
dwsRstrate better automotive adaptability. A 
new air/ fuel system and coidiastlon coatrol has 
been developed for the Mod I-A. The system 
shown schenatlcally In Fig. 20 utilises a 
piloted air blast fuel nozxle «h1 will be 
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governed tyr • digital cmtrol wilt Inte^ated 
with the kligh resgonse digital power control of 
the englMt. This will ellirfnate the need for 
the preseeit kyAraullcally controlled ^eed 
variator letween the engine and tssa air bloiier 
dHve> Ike blower drive, now a high ^>eed flat 
tie' c version, has been changed to a gear drive 
design. 

(Refer to Fig. 20.) 

Othemnise, the Kod 1-A awc'tlaries 
basically resaln the sane iiut with the 
arrai^^i^iit revised usl^ 1low-«el^t ali^lnlwi 
brackets and pulleys. 

Sie#SMY 

The aiitoaotive ttod 1-A Stirling Fngli^ 
design described In this paper represents t)@ 
first phase of the Proof-of-Concept inrogr^. 

The (bslgii. based on Hod 1 evaluations and 
supported by s^rate c.sp}»erst developssents 
Iterfomed at Nh^. NTI and United Stirling AS, 
Is anticifiated to Include a sound balance 
between d«!V@lopaent risks and technology 
advanc^ient. 

Procuiwent of long le^id cor^nsats has 
been In pi*og^ss since last Kay and r^slnlr^ 
detail design will be ccii^leted in January 


1983. Ihe first Nad I-A assertily test Is 
sche^led fee Agril 19N. 

TIm» prellafnary Nod I-A perfonHmce 
predictions presented In a si^wrate paper. 
Indicate tiwit ttnse deslgpi goals can be net. 

ApproKhf ^ the desist «»p1et1on It also 
se«BS isost probable that the spacific wight 
Isprovenents will he achieved. Table 3 
pr^cts ^1s Iwpeirtant laprovenent. 

Several functfuMl reflwnents as w11 as 
■anrfacturing slnpUficatlwts and especially 
the void of expansive strategic aateiials will 
add up to nake the Nod I-A a iwxalslng platfora 
for further upgrading towards the final progran 
objectives. 

ACmULEI^EIENT 

The work reported In tills inresentatlon was 
performed by United Stirling M as 
subcontractor to Necbanlcal Technology 
Incorporated, 968 Albaey-Shaker Road. Latham. 
New York 12111. Mechanical Technology 
Incorporated Is the Autoaotive Stlrlli^ Engine 
Oevelopnent Program prise contractor to the 
Iteitlonal Aeronaiitics and Space Administration's 
Lwris Research Center. Cleveland. Ohio 44135, 
mwler prime contract Ho. KN 3-32. The progrm 
1$ part of the U.S. Department of Energy, 

Office of Vehicle and Energy RAD. 
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ABSHiACT 

St«ady~state emissions testing of three Kod I 
Stirling engines tmmirg unleadlnji gasoline was 
perfomed with eshaxist gas recircolation (ESB) at 
United Stirling of Sweden (liSAB) and Mechanical 
Technology Incorftarated (HTI). Both constant and 
variable EGR were evaluated for their i^act on 
gaseous ealssions . EGR was found to have an expo- 
nential effect oa. but none on CO and HC if X > 
1.2. The testing, in addition to demonstrating 
good engine-to-etigine repeatability, showed that 
Automotive Stirling Engine (AS£) Development j 
Progress requirements for NO , CO and HC can be s^t J 
with EGR. J 


ONE OF "HE REtpJIJKJENTS of the Departaent of Ener- 
gy-sponsored ASK Program (NASA Contract DEN3-32) 
is to deaionstratci vehicle emissions over the urban 
CVS cycle that coinply with the following: 





HOk 


2 . 1 % 

CO 


23.1 

KC 


2.78 


tGR, defined as the dry volume of recircu- 
lated products divided by the dry volume of ineoai- 
ing air, was scilected as the prime method of 
esnissions control for the Kod I engine (a 
first-generation auto^sotlve Stirling engine). E^ 
is directed specifically at I®*** where the 
increased heat capacity of the ctnsdHistioa products 
l«<»ers fl«£3:ei temperature and. hence. NO^. is 

also expected to reduce CO by providing increased 
water fo*' (XI oKidatloa. CO and RC are lealuly 
iniflua-nced by ccwthostor turbulent mixing, stoi- 
chi<»eitry, end jg;nition delay, which are in turn 
iefluesicod by cwbustor pressure drop, swirl 


intensity, X (air/ fuel divided by stoichiometric 
air/fuel), fuel noxale design, end igniter 
location. 

The Hod 1 engine (Figure 1) utilises a combu- 
stor equipped with a swixler to provide turbulent 
nixing and aejcodyBanically stabilized ccadnistion. 
Host of the co^Histiofi reaction occurs in the 
voluae betweta the flene shield and the heater 
tubes. The co^letion of CO oxidation and 
fomation occum in the area surrounding the heat- 
er tubes and between the tube rows. 

The E(% systcsB (Figure 2) recirculates engine 
exhaust prodacta to the suction side of the 
blower. The inasont of EGR is a function of throt- 
tle opening, blower speed, and E^ valve area. 
Steady-state testing burning unleaded gasoline was 
conducted to detemine the effect of on gase- 
ous emissions. Variables included «igine power, 
EGR, and X. Measureaients of IRL, CO, KC and O 2 
were recorded at both OSAB and NTl, while those of 
NO and 0(^ were taken only at HTI. In the case of 



*^F.quivaleat esaissioas index e3s:»iiag 19.3 mpg @d 
unleaded gasoline. 


Fljs. 1 Mod I Stirling Engine 


8 ? 






FlR. 2 Mod I Engine EGR Configuration 


O 2 and CO 2 . neasureatents b-erc taken to deteraine X 
and Tbiree engines trere tested; 



TEST PROCEDURE AND HEASUSfSECTS 


Initial EGR testing, conducted in Sueden at 
USAS, concentrated on the region fro« idle to 2 
g/s fuel floibT^ since oast of the CVS cycle is cun 
at part power. In fact. of the urban CVS cycle 
occurs within the regi<»i tested. At each test 
point, EGR netering area was adjusted to saintain 
constant EGR as engine poser (fuel flow) varied. 
Eralssioos were laeasured at 0, 10, 20, 30, AO, SO, 
and 60% EGF:. Based on these results, a tentative 
EGR requireiaent for the vehicle was deterained, 
and design of an EGR control system was Initiated. 

Since it is such easier to design an on/ off, 
as opposed to a nodulated, EGS control systea, the 
ensuing tests at MTI evaluated the effect of 
constant* area restriction ojq the EGR line with a 
sii^le on/off solenoid control (sinilar to the 
KSthod used on the earlier P-40 engine). With a 
constent*ai-ea EGR restriction, the eniount of EGR 
varies with fuel flow because of the air blower 
and throttle characteristics. As a result, ^R 
increases sis pwar decreases. 

Both USM and MTI used eeasureffisnts of O 2 or 
C02in the exhaust (E) and oo^ustor inlet (1) to 
deteraine EGR: 



2EGE 


00 j‘0.209S - 


( 1 ) 



idwre, XfjOf ^k >2 r^tresent the eole frnctienta 
of (3>2 <n« Oj, respectively. Becaiise both CO 2 , 
and O 2 are seasneed dry, the XEQi calcnleted does 
not incliode water vapor in the air or eiduntst 
products. All USM calculations were based on O 2 , 
while those of MTI were derived from CO^, or the 
average of CO 2 and 0^ . 

Siuilarly, X was deterained frc« exhaust O 2 
and CO 2 . and a fuel hydrogen/ carbon ratio (R): 



The engine test cell facilities and none*- 
issions neasureatents are described in detail in 
(2) and (3), and the missions equipteent is 
defined in Table 1. 


Table 1. Emissions Equipiaent 



GASEOUS EMISSI(»iS TEST RESUITS 

US.XB NO^ enissions at constant '£EGR are 
illustrated in Figure 3. The value of X varied 
between l.S at idle to 1.2 at higher fuel flows 
(Figure 4). The Influence of EGR on N(^ is clearly 
Indicated. As EGR increases, the proportion of 
CO 2 and K 2 O (e.g.. the noraal products of coaplete 
coffibustion) in the coabustion zone increases, 
raising the heat capacity and lowering the fla»e 
teapersture a proportionate aaount. One to the 
exi«anential effect of flasc temperature on NO^, 
is reduced. In fact, since flame teaperature 
varies proportionately with EGR, NC^ is an expo- 
nential function of EGR; i.e., as EGR increases, 
its effectiveness in reducing NO^ dielnishes. 

emissions in Figure 3 are presented 2 >s 
e^alssions index (El defined as the grttss of 

p«ir kilogram of fuel. Ewissions index is 
directly related to ASE Prograa enissitxis goals 
expressed in g/wi and the urban CVS cycle nileage 
(8q>g): 



where p, ^ density of unleaded gasoline » 2S41 
g/gal. ^us, to achieve 0.4 g/al, 60-70X EGR is 
requiriad, while -25% E(^ would suffice if 1.0 g/«l 
is req«ir<Ml. 


ejIfiJtteMm p««H»r fuel fl^ -4,5 g/s 





e OC X g/Ks ?ue! X ^ El NO, ^s/he Fu@l 
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. 3 Mod I Engine #2 NO^ Emissions with % EGR 



CO and EO: ««isstaas data txtm 0SA8 wax* botli 
extreaaly low; CO aaiasioas (Figiira 4) aica wall 
belcM tha ASffi Ptasrau raqalzaaMWC of 3.4 g/wi. 
Thara aay be a poaitJaa laf luaoce of EGR os CD, hat 
tha effect, if any, ia sli^t. HC aals^ieoa (»st 
shaam) ware less than 0.1 g/kg or an order of 
Bsgnituda lower than required. 

tm testing in ttm Mod I enginea utilized a 
constant*arott restriction in the line, as 

previously described. Three ESS schedules ware 
used: "no EISS," ’’intemedlata ESS” and "aaxiaRni 

VSR." In the first case, tha solenoid control 
valve was shat, preventing any recircnlation. 
Maximoa EGK was <d>talned by removing all 
restrictions froo the line; intersodlate EGR vea 
obtained by adjusting a hand valve to obtalu an 
HO^ level of -1.0 g/ral. 

The intermediate- and eaxlaa»-case EiK char- 
acteristics are illustrated in Figure 5. The 
non-EGR case (not shown) is OX. 4s power is 
reduced (lower fuel flow), air flow is restricted, 
increasing the 4P across the EGS circuit (see 
Figure 2), <od causing E(3l to Increase. Also 
^oun in Figure S are the three 1 schedules , 

, and(^) that were used during testing. The 
USAS sche&le (Figure 4) is very close to ^). 

Tlte effects of EQl and X on are given in 
Figure 6. As was the case with USAfi data, the 
Influence of EGR on from engines Ko. 3 and 1 is 
pronounced and exponential in nature (Figure 7). 
The repeatability of NO^ is good, especially at 
intermedlate-EGR levels and the change In X does 
not appear to affect *(0^. The maximuia EGR sched- 
ule would suffice to neet a 0.4-g/mi NO^ 



Fig. S Hod I Engine Variation in X and 
EGR with Fuel Flow 
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sko, - g/iisi’iei 


riK|ait«aMit . Urn int*i«edilat« EGE schedule is 
seen to be very close to 1.0 t/mi; in fact. If the 
inteniodiate NCL results are estimated for the CVS 
cycle aslt£ if-tine weighted fuel flows (4), 
predicted CVS cycle N0,| would be 0.8S g/ni, corre- 
siioadtng > 0.4% decrease in eugine efficiency 
relative to the non-EGR case. 





Fig.. 6 I Engine Emissions 

Uith/Vlthout EGK 



Fig, 7 Effect of EGR on Kt«f. I Engine 
KOj; Esisstons 


A coa^ristn of the NC^ eBlssions of ell 
three Mod I engines is given in Figure 8. Once 
again, the sgreeeent is good, especially with EGK. 
The tendency of NC^ to peak at fuel flows of 1.0 
g/s or less is not conpletely understood, but 
appears to be characteristic of the turbulator 
coed>ustor. For ensnple, the saate curve shape was 
seen during alternative fuels testing of the P-40 
engine with EGK; see Figure 9 and (S). A possible 
explanation is that offsetting effects occur as 
fuel flow decreases: 

e EGH increases, leading to lower NO^ 

« X increases, causing flane teaperature, resi- 
dence tlae, and hence, K(^ to decrease (this 
statesient is true if wixing of fuel and air is 
perfect prior to coobustion; e.g., X is uniform 
in the reaction zone) 

o Efficiency of combustion mixing decreases 
because air flow is decreasing which, in turn, 
leads to lower combustor AP and turbulent 
mixing. With large variations in X inside the 
combustor, the burning reaction is character- 
ized as a turbulent diffusion flame; e.g., 
combustion occurs at uear-stolchlometric 
conditions where KO^ formation is highest; 
thus, NO^ increases. 

At very low fuel flows, the first and second 
effects dominate; as fuel flow increases, the 
third effect dominates. Further increases in fuel 
flow improve mixing so that again decreases . 
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Fig. 8 Mod I Engine Baisslons 
With/Uithout BCR 





CO eaissions results froa HTI testing of. Nod 
I engines Mo. 3 end 1 (Figure 10) indicate an 
effect of both E6R and X on eoissions. At first 
glance, the effect of E6R on CO seems to contra- 
dict USAS test results (Figure 4). However, care- 
ful analysis, shows that this is not the case. In 
fact, CO emissions are very repeatable among the 
three engines. 

Comparing Figures 4 and 10, CO increases with 
fuel flow due to the concurrent increase (with 
fuel flow) in combustor air flow, thus reducing 
the amount of residence time in which CO oxidation 
can occur. For the lowest V (least excess air), 
schedule © , Increased EGR is beneficial to CO, 
probably due to the increased presence of OH radi- 
cals promoting the oxidation of CO (6): 

CO + 2 OH ■* COj + HjO. 

As X b«)Comes leaner (@l ® ^ ^ ©). 

the ioipact of F.G8 on CO emissions is slight or 
nonexistent, leading to the conclusion that as 
long as enough excess air is prioent; e.g., X > 
1.2, EGK does not influence CO. A study of Figure 
10 indicates the importance of accurately control- 
ling X. If X decreases below 1.2 (schedule 
the CVS requireaent of 3.4 g/mi could be 
exceeded) . 

The reipeatability of data and the extreme 
sensitivity of CO to X are clearly indicated in 
Figure 11. It may be concluded that: 


• Keitber E^ nor fuel flow are important ia 
determining CO emissitnis 

e CVS cycle c4mq> 1 lance can be assured by main- 
taining X > 1.2 

e CO emissions for all three engines are consist- 
ent. 

HC emissions (expressed as foethane) obtained 
during KTI testing (Figure 12) are well below the 
CVS cycle requirement of 0.41 g/mi; in fact, most 
of the HC emissions are an order of magnitude less 
than the requirement. USAS data, as previously 
mentioned, were less than 0.1 g/hg: however, the 
HC emissions do not reflect those that would be 
obtained during an engine start-up sequence. 
Vehicle experience indicates that HC generated due 
to ignition delay and cold start may be 90% or 
greater of the total measured. 

C(»JCIJUSI(»fS 

EGR, in combination with the turbulator 
combustor, is a viable method of controlling Hod I 
Stirling; engine exhaust emissions. The effect of 
EGK on MOjj was exponential, as expected (1). If 
steady-state engine data are projected over the 
vehicle CVS urban cycle, an NO goal of 1.0 g/ml 
could b«! net with 25-30% EGR, while a goal of 0.4 
g/mi would require 40-70% EGR. 
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Fig. 9 KOj 5 Emissions - P-40-7-15 - til Fuels 


Vlth/Rltbout EGR 
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Fig. 11 Effect of X on Mod I 
Engine CO Emissions 


Both CO and HC emissions were lo« as long as X 
was greater than 1.2; a slight positive effect of 
EGR on CO may exist. Projecting steady-state CO 
and HC emissions over the CVS cycle indicates 
levels well below program requirements; however, 
it must be emphasized that the steady-state 
projections do not account for start-up and tran- 
sients encountered during the CVS cycle. Since KC 
and CO ate adversel> affected by start-up and 
actual vehicle aieasure£Bei--s are ant.iC“ 
ipated to bo higher than indicated in this paper. 
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Fig. 12 Mod I Engine HC Emissions 
With/Without EGR 
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Stirling Engine Alternative Fuels Test Results 
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ABSTRACT 


Emissions measurements were made on a 40-kW 
(54-hp) Stirling engine burning five liquid fuels 
- unleaded gasoline, shale-derived marine diesel, 
gasol.ol (ET-3), ERBS, and commercial diesel. 
Emissions were measured with and without exhaust 
gas recirculation (ERG), and the results showed 
little difference in the levels of NO^ , CO, and HC 
emissions for all the fuels tested, particularly . 

with EGR. ' j.)e 

litie — paper — revtews 'z.^^ results of the test 
and correlations of the emissions data with 
external heat system (EHS) parameters^ The 
effects of the fuel type on the performance of the 
EHS is also discussed. 


THE DEVELOPME.NT of a high-efficiency, low- 
emissions combustion system is a major requirement 
of the ongoing Automotive Stirling Engine (ASE) 
Development Program at Mechanical Technology 
Incorporated (MTI). Among the major program goals 
are to demonstrate that the use of alternative 
fuels is not detrimental to engine operation, 
performance, emissions, or fuel economy, and to 
determine the degree of minor modifications or 
necessary adjustments when switching fuels. This 
paper covers the results of the first comprehen- 
sive tests of combust ion/ eraiss ions where a 
Stirling engine was run with no hardware changes. 

In December 1981, emissions measurements were 
made on a 40-kW (34-hp) U-4 Stirling engine 
,p.40-7. Build lil burning a variety of liquid 
fuels. The engine was configured in such i way 
chat measurements could be made with or without 
e.xhaust gas recirculation (EGR), enabling not only 
the docerrainat i< n of the differences in emission 
levels of the various fuels, but also the evalu- 
ation of the effect of EGR on .SOx, CO, and HC for 
each fuel. 

For the External Heat Systeto (EHS), consist- 
ing of the combustor, preheater, fuel nozzle, and 
air/ fuel control, including inlet and e.xhaust 
systems, pressure and temperature measurements 
were taken to determine the effect (if any) of the 
various fuels on overall EHS performance. .Any 


deterioration in the system over the course of the 
test program was monitored; other engine parame- 
ters were also measured during testing. This 
paper concentrates on the results of the emissions 
measurements; EHS performance results are also 
discussed. Results of overall engine performance 
can be found in (1)* and further details of the 
emissions results in (2) and (3). 

TEST DESCRIPTION' 

TEST. CONDITIONS - The five fuels listed below 
were tested over a load range from idle to maxitnua 
power: 

1. Inleaded Gasol ir.e 

2. Shale-oil-Derived Marine-Diesel 

3. Research-Grade Gasohol (ET-3) 

4. Experimental Referee-Broadened-Specif icatica 
(ERBS) Turbine Fuel 

5. Coairoercial Diesel 

Table 1 summarizes the fuel properties, iz'A 
Table 2 describes the test matrix run on eacz 
fuel. After the last fuel was tested, several 
load points (burning unleaded gasoline) were 
repeated* Emissions measurements were made wit.H 
and without EGR at each test point of the matrix. 

The EGR levels achieved during each test 
series are shown in Figure 1. For each fuel 
testedi, the variation of EGR with fuel flow was 
similar. The largest differences in EGR levels 
occurred at fuel flows less than 2.J g/s. The 
figure also indicates that the EGR valve closed at 
fuel i\ov:* of 0.7 g/s and lower; however, this is 
the normal method of operation for the valve. 

Ch;erall EGR levels appear to be somewhat 
lower than those measured during the acceptance 
test of this P-40 engine, as well as for those 
measured during the P-40-1 acceptance test. This 
may have been due to differences pressure loss- 
es across the EGR circuit during each test. The 


'•‘Numbers in parentheses designate references 
at end of paper. 
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Table 1. Fuel Properties 


(Analysis miMte at Phoenix Oanijcal Laborelofy. kxx. Chicago, imnols. May 1 



'Averape o( two aamptos taken m dtRerent Omes during testing 
'One sampie; second ssm^iie inrticeted aomethir»g o^r ffian gasonc) 

*One sampift onry; second ssmpte can most empty S?12S0 


Table 2. En«ine Test Point Matrix 



Idle 

Engine ap«'PtJ (rptn) j 

(KiPa) 

1OS0 

2000 

3000 

4000 

15 

— 

4 

3 

2 

1 

10 

— 

5 

6 

7 

8 

7 


12 

11 

10 

9 

5 

■ — 

16* 

15 

14 

13 

Idle 

17 

— 

” 

— 



•Because ot lest difficulties, lest point 16 was not run 


blower speed was also lower than usual because of 
variator belt slippage. It should be noted that 
the EGR values reported for this alternative fuels 
test are volumetric ratios of dry exhaust products 
to dry air, as determined from measurements of CO, 
in the combustor inlet and exhaust. The COJ 
neasurement was also used to calculate and set X 
values. At the start of each day's testing, or 
when a new fuel was tested, the X value at cruise 
(2700 rpm, = 120 bar) was checked and set at 
-1.25. The variation of X with fuel flow for all 
fuels is shown in Figure 2. 

EMISSIONS MEASUREMENTS - Details of the Gas 
.Analyzer System used to measure CO, CO 2 . NOj^, and 
HC may be found in (2) and (3). Smoke samples, 
using a Von Brand Smoke System, were also taken 
during testing by passing a sample through a 
moving filter paper (-100 mm/min); the smoke 
number (100 indicates a totally clear exhaust) can 
then be determined by measuring the reflectance of 
the sample relative to the clean paper. In order 
to eliminate interference of water vapor on SO..^ 
measurement, moisture in the sample was removed by 
drawing it through a refrigeration bath prior to 
it entering the SO detector. It is important to 
note that the water knockdown is done after the 
NO, • NO converter, since .SO is .much less soluable 
than NO,, minimizing the amount of SO^ lost during 
HtO removal. CO, scrubbers were used in the CO 
sample line to prevent interference of CO, with CO 
detection. 

All of the gas analyzers were calibrated 
prior to each day’s testing, and several cali- 
bration checks were made during testing and at the 
end of each day. The raw emissions data were then 
corrected for any instrumentation drift. 

OTHER INSTRUMENTATION - Ixocations of EHS 
temperature -ind pressure measurements are shown 
schematically in Figure 3 it each radial position 



Fig. I EGR X'arlaition During Alternative Fuel Tests 
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Fig. Uambda Variation During Alternative Fuel 
Test (All Fuels) 
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Fig. 3 Instrumentation Schematic 


shown, at least four thermocouples were located 
circumferentially around the EHS. Most of the 
thermocouples indicated are standard engine test 
instrumentation; additional thermocouples were 
used to determine combustor inlet, exhaust temper- 
ature distributions and, along with the pressure 
measurements, to detect any deterioration or 
abnormalities in performance. There was concern 
that operation with heavy fuels could cause plug- 
ging of the preheater. 





TEST RESULTS 


Fig. i S’O^ Emissions P-40-7-15 (All F'.els) 


A complete summary of the raw emissions data 
(corrected for instrumentation drift) recorded for 
ail five fuels, and including average temperature 
data throughout the EHS may be found in 3). Pres- 
sure data are discussed :n the next section. 

The NO^ Emissions Index for each fuel :s 
compared :n Figure •*. Data are shown both with and 
without EGR . As noted previously, EGR percentage 
was aetermined by measuring CO •. in the e.xhaust md 
inlet to the ombustor prolieater discharge 
thus . 


"ECR * ^ =r"T n ; — \ x 100 

- ^co, 


or ' ; ' 

‘ECR > oi S iry Exhau st Rectrcul.itej , 

Volucae ot Drv Air 

where: 

- Hole fraction of CO, Ufeasured Drv). 

The data, plotted as a f'anction of fuel flow, wore 
corrected for inl.et huaidity following the gas 
turbine practices iw.a.ol of correcting to an 
absolute huraidity of OOe3 g H,0, g dry air. This 
corresponds to a I5“C day with e0% relative humid- 
ity. correlation of the form 


was used, where H - measured absolute h’laidity. A 
value of k = 2:1 (previously used by ..he author to 
'orrect gas turbine emissionsi was chosen. In 
view of the .ack cf similar relationships for the 
Stirling engine, the application of gas turbine 
practices seemed justified, since both are contin- 
uous combustion sys.-ems. and the excess air factor 
in the primary zone of gas turbine combustors is 
very ciose to that of a Stirling engine combustor. 

The correction reduced the scatter in 
unleaded gasoline data between the initial and 
tinal tests :3!. The effect of humidity was ocre 
pronounced without EGS; witn EGR. the ambient 
moisture affect was iversr.adowed by it, 3 and otter 
ti.tteiits in the rec i rc'i 1 at ea exhaust.' 

The important result is that SQ^ levels lor 
ii; five fuels ,ire similar, pai: i ..u lar !y. w i th .* uS , 
thus, a single combustor .tan be designed, using a 
: ixed EGR or TGR . -locnbus; ion gas recirculation' 
>w.r.t?ou.e, that • 1 , . Sit ;sty J'.'S :ycle em;s- 

sions burning .» variety of fuels. .Admittedly. :he 
properties of the luels tested do not eiifer 
great.y .Table li, bat the results nonetheless 
r4*pre?»ent i significant isi lesion®, <• 

In general, the steady-state SO levels if 
the ?-w0 Slirltng engine at the levels ot EGR 
achieved were above the CVS limit of ... g, »i wnen 
based on a mileage figure of 22.* npg correspond- 
ing to an £.1 of 3.2 g, kg), especially near idle 
where the EGR level drops off The air fuel 



^Fueis with higher nitrogen content or different 
flaoe temperatures may re<itiire altered levels of 
EGR/CGR for M3^ co«pliance. 





systeiD IS rather cyclic at low fuel flows, as 
Indicated in the idle emissions traces of Figure 
5. The air/fuel variation is reflected in the 
oscillation in the CO^ level. Under these condi- 
tions, actual CVS cycle emissions will differ 
significantly from calculated emissions, based on 
values taken from Figure 4, which represents 
values midway between maximum and rainimiira peaks, 
not time-average values. 
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can be used in preliminary combustor evaluation. 
Emissions Index was adjusted to an arbitrary 
reference inlet temperature of 800®C using Eq. (3) 
and plotted as a function of X, Although the 
correlation cannot totally describe the data, 
it does afford a somewhat better representation 
than the uncorrected data (Figures 7 and 8 ). 
Figure 9 compares the non-EGR NO^ levels as a 
function of X for all the fuels tested. 




The increase in Emissions Index with increas- 
ing X is consistent with the fact that residence 
time also increases while fuel flow decreases; 
thus, even though the flame temperature is 
decreasing, Emissions Index can increase. An 
explanation for the inflection point (most distin- 
guishable for the diesel fuel data) has not" yet 
b«en found, although the classical SCX^ versus X 
curve peaks at a sligntiy lean condition > 

1,0). The v'alue ot X, at maximum NO depends, 
among other things, on residence time. 

CO and HC emissions for each fuel are shown 
in Figures 10 and 11 . Again, the emiss!ons were 
similar for ill fuels tested. The slight differ- 
ence In CO emissions among fuels appears to be due 
to the deviation in X, as indicated in F:gure.> 12 
and 13. and not fuel properties as one might 
expect . 

The gasoline data compare favcrihly with 
previous engine data 2,3). Both 70 ind !:C ire 
below the CVS limits of 2' -* g <g fuei • g mi it 
22.2 mpg.) and 3.; g, leg . 1 g -i it 2^ - ■ . 

r**spect ive ly . !t is :i-g to r.cte that the 

20 emissions with .EGR wor*' lower thin tr.cse w:th- 
otii KGH, except at very low tufl fl. ;ws. ~h:s tay 

be due to -several reascr:s' 1 th- jdd : t ; j 1 rass 
flow may produce better mixing, :“s;lt-.:;g rcre 
complete ..omoust ion ; i ^trenger t 1 is 

r‘» :cr. .icne, •. n is 1 : 4 t:.** . .-:.t . 







97 






rate; and 3) for values of X near 1.0, the longer 
residence time associated with the non-EGR condi- 
tion (lower mass flows than comparable operating 
points with EGR) as well as the higher temper- 
atures, may inherently result in high CO 
concentrations as CO approaches equilibrium 
values. At low fuel flows and large values of X, 
the quenching effect of the e.xhaust gas predomi- 
nates and CO with EGR becomes greater than that 
without. Although very similar. Figures 12 and 13 
also support this trend. 

Steady-state HC emissions were extremely low 
for all the fuels tested. Ambient HC levels in the 
test cell were, in fact, an order of magnitude 
higher than the exhaust emissions. One might 
expect HC emissions to be low, considering the 
high reaction remperatures and large numbers of 
hot surfaces where reactions occur. It is impor- 
tant to emphasize that these are steady-state 
data. As Figure a clearly illustrates, the emis- 
sions levels can vary considerably during cyclic 
or unsteady conditions. During transients, 
considerable variation in emissions levels can be 
expected, and steady-state relationships between 
emissions and combustion parameters are not neces- 
sarily valid. Th.\s is especially true during 
start-up. Thus, integration of steady-state 
results over the CVS cycle (to determine compli- 
ance) is, at best, a crude appro-xiraat ion, 
particularly if a combustor is known to perform 
poorly during transients. Even in the cases where 
transient times are long relative to combustion 
reaction times, and the combustor is st.abie and 
well designed, it is difficult to account for the 
effects of thermal time lags on the rest of the 
EHS ; tiowever, in this case, the predictive accura- 
cy is certainly improved. 

The smoke data have not formally been 
reduced; however, the filler paper was clean at 
all steady-state points, and smoke numbers greater 
than 95 (i.e., nonvisible range) were expected. 

ESGISE .A.ND EHS PE.RFORMANCE 

Overall, the engine performed favorably 
with the five fuels tested. Even though engine 
performance was low due to general engine compo- 
nent deterioration (1), noth ing det r iment a 1 to the 
engine or the EHS was detected during testing that 
could be attributed to the use of alternate fuels. 
The entire test program was run without any 
modification to either the combustor or control 
system. 

Although not part of the test plan, cold 
starts were made (using gasohol (ET-3), ERBS, and 
unleaded gasoline) with little problem. Ignition 
with diesel fuel and shale laarine-diesel was 
possible with a warm engine; i.e., within -10 
minutes after shut ing off the engine and with tube 
temperatures between 300 and ZSC'C. The latter 
ignitions, however, were very sooty; smoke was 
visible for several minutes until the engine 
warmed up. 

Pressure and temperature data did not indi- 
cate any deterioration in combustor or preheater 
performance. Pressure drop ratio across the 
combustor and heater head is shown in Figure 14; 



Fig. 14 Combustor Pressure Drop Rati*' 5 

Alternative Fuels Test 


data are plotted as a function of the mass ; ow 
parameter; i.e.. 
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It should be pointed out that the value o: M 
actually calculated was not the total -nass flow 
since it was calculated using the v«.*lurrei r i c ECR 
values; i.e.: 


If) 

where is the measured fuel flow. 

Data are shown for the initial and final 
gasoline tests, as well as the test with E.RSS fuel 
.run toward the middle of the test sequence). The 
data show no change in combustor/ heater head 
effective area, indicating no plugging or damage 
to the components. Inspection of the hardware 
after the final gasoline test did indicate some 
plugging and thermal damage of the heater tube 
fins; however, the open fin area is large compared 
to the combustor area, and any change in overall 




SUMMARY AND CONCLUSIONS 


pressure drop resulting from this damage will be 
within the data scatter. 

Figure 15 shows the pressure drop (in mm 
HoO) cictTss the combustion side of the preheater, 
i l*he drof across the air .side was not measured.) 

".OSS flow function in Figure 15 now includes 
fuel flow as well .as air flow, and approximate F.GR 
mass flow. .Again, there is no »?v:dence of any 

:hange in prf»s.sur»^ drop characteristics between 
the initial and final te.s^ sequences. The 

post-test inspection liJ .not reveal .iny plugging 
v)t the preheater, i.s h.id o r : g 1 na 1 1 y he»»n fe.*red. 

Figure IS i . ;rt!i**r ex.impl** >l the 

-Jiisistency of the preheater perf or'^.ance in<i the 
insensitivity to fuel type Figure '.e ilso s’nows 
t.h«; temperatire difference i.rriss the c.ombust lor. 
side of the preheater for tne irit i il ir.«l final 
g iso . me t*sts. me the te^t-s vit:. gi'%ohol r.T->» 
ir.d .nm.merr.1 i :ie?>e'. f .e ’. '^.-“i.ir resu.ts «»»re 

♦*v nient with the itner ? ,e'.?«. The results ilso 
snew fic iiffer-'Tice IT. temper it .re rm** : >r th.- hlK 
:X ',o;.-FIjR . j'.e> i.n the .vinf' ;st ; im s; i»* i)t t h«* 
oreh»Mter .*.^r \ giser; 'w t--m:<«‘r ;t .r»* 

i 1 ! ! e re:.„«*s , viss t:i»* iir '..i‘* tr.e orer.-.jti*r 

exti.i/ited the ->af 3 e ; nser.>. 1 1 1 1 1 '» to f.el type 



it. .re rme !.et-« er. the JK jr, 1 '..5:.-: Ih a. iitirns 
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The multifuel capability of the P-40 .Stirling 
engine has been clearly demonstrated, and the 
emi.»sions results have shown that a single combu- 
stor and EGR schedule can be designed to meet the 
CVS cyle emissions requirements while burning a 
variety of liquid fuels. There was essentially no 
difference in \(\ levels with F.GR for the five 
fuels tested. 

Although parametric studies of the magnitude 
necessary to establish SO^ correlations «as a func- 
tion of various FHS -..ud combustor par.imeu-r:. -ere 
well beyond the scope of this test, rough corre- 
’.ations were made with sr>me success; these ;an be 
used to establish preliminary JTIR combustor 
requirements for the I'pgr.aded 'lod i engine 

.Steady-state TC irid HC emissions iit.i ir.i'.- 
:.ate that this should not present i problem .f the 
\0^ emissions requirements .an ne ich : ; .'.uwev- 

er. inst.able operation it low fuel flows in: i-oor 
.orr.bustion «*f f ic ;er. . ; es iurir.g trir.s i »*nts . 
easily result in ll; ir.d FIC .‘missions :hit 
illowable limits, par : ; c.; 1 .ir I y if .om:. witn 

long ig.nilior. delay t i.mes 'oabusfion «:: : .•.ntrcl 
stability .it low power is, .n fi.t. t ..rr»*r.t 
;.ir.nern, ind is fe*-.:'.^ nidressed in TIT ' s Ti;:r'T 
;.eve I opment Frogr im for ' pgr j i»*-i *T.d ! 

-.s .•v:l«‘fv«‘ r.'ing • i:.s 

i-griJe.; . i:. * 

ir im.it 1 1 1 .y ; r;cr»- is ■. r.g ’ i 

-..urrent goal of the ' pi;r i :eti T .li 

les-ign IS reduced i :l“ t :>w iru: tri:.'.-.:*. 

.c;cr.r.ustor inst.ibi 1 1 1 y . 
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ABSTRACT 

A coordinated materials research program for 
the automotive Stirling engine is under way at 
NASA Lewis Research Center, Mechanical technology 
Incorporated, and United Stirling Swed>.*n. The 
programs at the three organizations have empha- 
sized the h igh- t empera t ure materials associated 
with the heater head. NASA Lewis has focused on 
creep-rupture properties, hydroge’i permeation and 
embrittlement, oxidation resista.ice, and simula- 
ted engine condition effects on heater-head 
tubes. MTI has been responsible for fatigue 
evaluation and failure analysis. USAB has been 
evaluating materials in engine operation and 
c reep-rupture tests ot internally pressurized 
heater-nead tube alloys. rh-t-»-"p^-peHS-prav-i.deS» 
update of research conducted at the three orga- 
nizations over the past y*ear*- ' iv . w.. - 

THK STIRLING KNCISE i> under investigation in the 
DOE; NASA Stirling Engine project as an alterna- 
tive to trve internal :omhustion engine lor auto- 
motive app I ic at ions . Development ot the Stirling 
engine is under wa-- through i contract with Mech- 
anical Tecnnologv Incorporated ^MTl) and a sub- 
:ohtract with United Stirling Sweden (USAB). 

NASA Lewis Research venter has management respon- 
tv'r th*se contracts. In addition to 
:n:s role, Lew s nas also .'onducced supporting 
research ano technology development in areas su: h 
IS materials, sc^ls. controls, combustors, and 
engine svstcr. analvsis. v'^n the basis of a teat e- 
riols technology assessment of the Stirling en- 
gine by Lew s . the beater head was concluded to 
be the most critical component. Primary gaps 
that were ound to require research and develop- 
ment included mechanical property data on candi- 
date alloys under Stirling engine operating 
conditions; c ompat ibi 1 1 tv , penaeation, the 
effects of Che high-pressure hydrogen working 

Uo"k performed for the U.S. Department of 
Energy aider lncer**tencv Agree»enC DE-AIOI- 
7 7CS51O40. 


Michael T. Cronin 

Mechanical Technology Inc. 
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fluid on the mechanical properties of tube and 
cast alloys; and the effects of substituting less 
costly , lower -strategic -element-content alloys 
for alloys containing the strategic metal cobalt 
chat are now used in orotoCype engines. 

A coordinated approach by Lewis, MTI, and 
USAB has been undertaken to overcome the materi- 
als problems associated with the Stirling engine 
for automotive app l ic at ions . Levis has focused 
on base-line creep-rupture properties of candi- 
date alloys for Che cylinders, regenerator hous- 
ings, and heater-head Cubes, oxidatior, resistance 
and hydrogen permeation of the heater-head Cubes 
under simulated engine operating conditions, and 
the effects of nigh-pressure hydrogen on creep 
rupture. MTI has been responsible for determin- 
ing Che fatigue properties of candidate cast al- 
loys for the evlinders and regenerator housings. 
Fatigue testing in air has been completed and 
tests in high-oressure hydrogen are under way. 

USAB has been operating a P-^0 engine (prototype 
automotive Stirling engine) under conditions chat 
are antic ipatei to exist in the upgraded Mod I 
versions of th* automotive Stirling engine. Can- 
didate heater-nead tube alloys are also being 
: reep-rupture tested by USAB using internal hel- 
U.BO gas pressures at temperatures to dSO* C. 

This paper summarizes the materials research 
conducted by Lewis, MTi, and U.SAfi during the past 
vear. 

RESULTS 

HEATER-HEAD TUBE ALLOYS - Candidate heater- 
head cube alloys were evaluated in the Stirling 
engine materials simulator rigs at Lewis. 

Tube Degradation - NASA Lewis has operateo 
Stirling engine materials simulator rigs for 4 yr 
to evaluate candidate tube alloys. Engine condi- 
tions of cemf^eracure, pressure, environment (com- 
bustion gases and internal hydrogen), operating 
time, and cyclic operation are siimilated in these 
rigs. The endurance tests in the Stirling engine 
materials siiiulacor rigs provide a means ol rank- 
ir^ candidate alloys. Time to failure (tube wall 
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rupture) is the primary criterion for such a 
ranking. Since helium does not permeate the tube 
walls (nominally 0.9 wm thick) at a measurable 
rate under conditions used in the rigs, helium 
gas pressure, and hence stress in the tubes, re- 
mains essentially constant during testing at 
820® C. In contrast, hydrogen permeates the tube 
walls during each 5-hr cycle, thus lowering the 
gas pressure and the resulting stress in the 
tubes (although pressure losses are substantially 
reduced by hydrogen mixtures containing 1 per- 
cent CO 2 . Failure time with helium (i.e., the 
higher stressed tubes) has thus been selected as 
the failure criterion. In table I, the perfornr* 
ance of 17 alloys (compositions in Cable II) is 
arranged into five groups based on Che alloy 
lives in a 3500-hr endurance test (the design 
goal for automotive Stirling engines). Two of 
the alloys, CG-27 and Incoloy 901, had no fail- 
ures during the 3500 hr at 820® C and 15-MPa 
pressure. Two alloys. Inconel 625 and W545, had 
average failure lives (based on four tube fail- 
ures) of 2851 and 2776 hr, respectively. Two hy- 
drogen-filled W545 tubes failed at an average 
time of 2772 hr, indicating a possible hydrogen 
embrittlement of this alloy. One alloy, 12RN72, 
failed between 1500 and 2500 hr. while all 
remaining alloys failed prior Co 1500 hr of 
testing. 

On Che bases of the initial 3500-hr endur- 
ance test, oxidation resistance, tube formabil- 
icy, and resistance to hydrogen permeation, CG-27 
was selected as the leading candidate alloy for 
automotive Stirling engine applications, A sec- 
ond 3500-hr endurance test was conducted at Lewis 
using only CG-27. Sixteen Cubes were tested at 
320® C and a gas pressure of 20.7 MPa (the esti- 
mated peak pressure experienced in automotive 
Stirling eiigines). CG-27 tubes sustained this 
extreme test pressure for 3300 hr without any 
failures. 

Hvdrogon degradation of candidate tobe al- 
Lovs in the Lewis rigs can be estimated from the 
ratio of t ime--to-f ai lure with Che I percent 

COo gas as compared with c inve-to-failure tor 
nel iuni-f i lied tubes. As described previously, 
failure of the he 1 ium- f i I led Cubes was expected 
to occur earlier since a higher internal pressure 
was maintained throughout the test. It, however, 
in spite of low?- internal pressures due Co 
Jiffusional losses, hvdrog»^n degraded the high- 
temperature strength of anv of Che alloys, fail- 
ure could occur earlier in the tubes containing 
H-) ♦ I percent CO^. Table III indicates that 
foul ulloys exhibited evidence ot such possible 
hvdrogen degradation. These alloys are Inconel 
:50v 12RN72 cold worked, W543. and 19-9DL. The 
ratio R of endurance life for H 2 ♦ I percent CO^ 
Cubes CO chat for hel iuoi-f i I led cubes ranged from 
a low of 0.64 for Inconel 750, a nickel-base al- 
lov. to 0.88 tor 19-9DL. The two alloys that had 
no failures in 3500 hr. CG-27 and Incoloy 901, 
have unknown R values. In bcth cases, however, 
hvdrogen degradation does not appear to be a 
problem. 


Hydrogen Permeation - The Lewis Stirling en- 
gine materials simulator rigs also provide a mea- 
sure of hydrogen permeation through the candidate 
tube alloys. The alloys are presented in three 
groups in table IV for the H 2 I percent CO 2 gas 
mixture. It has been postulated chat a permea- 
bility constant 9 lower Chan 1x10“^ cm^/sec- 
will be required in the automotive 
Stirling engine to minimize hydrogen recharging 
Co acceptable intervals of 6 months. This figure 
indicates that all candidate substitutes for Che 
cobalt-containing alloy N-155 (except 253 MA, 
W545, and 19-9DL), have permeability constants 
chat are less Chan the required limit when H 2 
* 1 percent CO 2 is used. This presents the pos- 
sibility of using less dopant in the hydrogen 
since 1 percent CO 2 in the hydrogen lowers the 
calculated engine maximum power output by 7 per- 
cent. However, further studies are required to 
determine the optimum dopant level. 

Some insight into Che mechanism of reducing 
permeation by hydrogen doping is afforded by the 
compositions (table II) of Che various tube 
alloys chat were luated. Alloys with good 
resistance to hydrogen permeation, in general, 
contained significant quantities of strong oxide- 
forming reactive elements such as aluminum, 
titanium, niobium, and the rare earths. As 
discussed in previous COM presentations, oxide 
film formation on the tube internal surface, as 
a result of doping the hydrogen with COo, and 
formation of an adherent oxide scale on the outer 
surface exposed to the combust ion gases are the 
primary factors that contribute to reducing hy- 
drogen permeation in Che Stirling engine heater- 
head tubes. 

Tests at Lewis have shown that the alloy 
19-9DL has very poor oxidation resistance at 820® 
to 870® C and exhibits high rates of hydrogen 
permeation even when the hydrogen is doped with 
CO 2 . -To exploit the good mechanical properties 
of this lower cost ailov, 19-9DL was modified by 
adding two levels each of the reactive elements 
-Ttisch mecal, niobium, and aluminum. Effects on 
cvclic oxidation resistance ror tines up to 500 
hr are shown in figure 1. Additions of O.j wC . 
misch metal and 0.5 and l.O wt « aluminum im- 
proved the oxidation resistance of 19-9DL by re- 
ducing spalling, as a result of formation of an 
adherent oxide scale. 

Figure 2 shows preliminarv permeation .iata 
for the 0.5-wt i-aluminum-roodif led i^-vDL aiiov. 
After 20 hr of testing (under a NASA contract 
with Illinois Institute of Technology Research 
Institute), hydrogen permeation for 19-9DL 0.5 

wt S Al was lower than that for unmodified 1‘^-^DL 
in ♦ I percent CO 2 . This figure also 
shows the effect of temperature on pure hvdrogen 
and doped-hydrogen permeation for the taodiiied 
19-9DL alloy. These initial results suggest that 
alloy c ocDi>os i t ion is an important factor in re- 
ducing hvdrogen permeation in heater-head tubes 
and that minor additions of reactive taetals aaav 
be used to reduce hydrogen loss from the engine. 
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Table I - Endurance Test Results 

[Temperature, 820® C; pressure, 15 MPa; gas, *■ 1 t CO^ and helium.] 
T jme to fai lure, t, nr 


t > 3500 

2500 < t < 3500 

1500 < t < 2500 

750 < t < 1500 

t < 750 

CG-27 

Incoloy 901 

Inconel 625 
«545 

12RN72 Cold worked 
12RN72 Annealed 

253 MA 
IIS- 188 
Inconel 75u 
Sanicro 32 

19-9DL 

N-155 

Inconel 718 
Inconel 601 
A286 

Sanicro 3lH 
Incoloy 800H 


Taple II. - Composition of Heater-Head Tube Alloys 
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This factor will be taken into consideration when 
choosing an alloy for the heater-head tubes. 

Creep Rupture - Several iron-base alloys are 
under evaluation at Lewis as possible substitutes 
for the high (20 pep:ent Co) C'^balt-containing 
alloy N-155, which is the heater-hrad tube ma- 
terial used in prototype and Mod I automotive 
Stirling engines. Figure 3 compares the 3300-hr 
rupture strengths of N-155 and two candidate 
iron'base alloys, CG-27 and 12RN72. The heater- 
head tube alloys will operate at approximately 
820® C in Che upgraded Mod I engine. Ac the 
proposed use temperature the rupture strength of 
the CG-27 alloy exceeds that of the currently 
used Mod I engine material by about a factor 
of 2. The CG-27 alloy affords a substantial 
growth potential and margin of safety. The 
12RN72 alloy is not as strong as Che other two 
allovs, but because of its low cost, adequate 
resistance to hvdrogen permeation and oxidation 
resistance, 12RN72 is still under consideration 
for Che upgraded Mod I engine. 

Creep-rupture tests are under way in high- 
pressure hvdrogen to evaluate hydrogen degrada- 
tion of candidate heater-head tube alloys and 
cast cylinder and regenerator housing alloys. 

Some preliminary results are available from the 
high-pressure hvdrogen tests» which are being 
conducted under a NASA contract with III Resear:h 
Institute. Figure V shows the results or high- 
pressure-hydrogen 115 MPa) creep-rupture tests 
at 760® C on two heater-head tube alloys. The 
solid lines represent a multiple linear regres- 
sion fit of Che uir creep-rupture data, which are 
used as a base line for comparison with hydrogen 
tests. These initial results indicate that hy- 
drogen degradation has not occurred ^.n these two 
heater-head tube alloys over the limited test 
duration. High-pressure-hydrogen creep tests are 
planned for CG-27 and 12RN72. 

CYLINDER AND REGENERATOR HOUSING ALLOYS - 
Candidate coraroercial iron-base alloys and exper- 
imental iron-base alloys were evaluated at Lewis 
and MTI as potential substitutes for the cobalt- 
base allov now in use for automotive Stirling 
engines . 

Creep Rupture •• Figure 5 shows a comparison 
of high-pressure-hydrogen creep-rupture data with 
base-line air data for two iron-base alloys, CRK- 
6D and XF-818 (table V), chat do not contain the 
strategic metal cobalt. CRM-6D and XF-31S are 
under evaluation as substitutes for Che cobalt- 
base alloys HS-31 (currently used as the cylinder 
and regenerator housing alloy in prototype en- 
gines). Hydrogen degradation has not occurred 
in these alloys over Che time frame of testing. 
Another alloy being studied is SAF-l I (table V); 
however, creep-rupture data are not yet available 
for this material* 

Tensile Properties - Candidate substitute 
alloys for the cobalt-base alloy HS-31 are under 
evaluation at Ml‘l, with special emphasis on ten- 
sile strength and fatigue resistance. Figure 6 
shows a comparison ot the tensile properties of 
three cast iron-base alloys with chose of HS-31. 


All alloys were heat created for 1/2 hr at 1123* 
to 1150® C and then for 50 hr at 800® C to simu- 
late a brazif^ cycle and exposure at the proposed 
use temperature, respectively. Results show Chat 
HS-31 has superior strength over the tesBperature 
range investigated. At 800® C Che order of 
decreasing tensile strength is HS-31, SAF-l I, 
CRM-6D, XF-818. The ductility of all the alloys 
is low, remaining below 10 percent elongation up 
to 800“ C. 

Fatigue Lif e - The low-cycle fatigue lives 
determined bv MTI for HS-31 and three cast iron- 
base alloys are shown in figure 7 for various 
strain amplitudes. The data were obtained at 
800® C by applying various constant-strain-range 
Ac or altemating-strain-range Ac/2 amplitudes 
about a mean stress of zero (R * -l.O) until ma- 
terial failure occurred- For random loading as 
experienced in actual engine operation, strain 
amplitudes and corresponding cycles must :>e 
grouped to establish a finite loading spectrum. 

The rain-flow counting method is one meezod :or 
accomplishing this. The rain-flow spectrum 
(horizontal lines) represents the predoainant 
cylinder-head manifold strain amplitudes and 
their corresponding frequencies expectec ever an 
engine lifetime of 3500 hr. The curve cravm 
through the end points of these lines is the 
1 imi t ing- 1 i f e curve for t r.e : v 1 ir.uer-neac 'z.iri- 
lold. The higher parallel :;:rve is tne ce-icn- 
life curve, whose strain amplitudes nave neen 
increased by a safety factor of 2 above chot-e 
the limiting-life curve. Any material wnose data 
points fall below the design-life curve con- 
sidered unacceptable. On the b«asis .^f tne rai'- 
t low spectrum of strain ac^)litudes anticipated 
in the cylinder manifold, all the allovs have 
sufficient lives to meet the cesign critericrs. 

Failure of cast cylinders and regenerat r 
housings, due to high cvcle fatigue iHCF 
ing from cycle pressure variations ot '* '.vcr - 
gen working fluid, is also of concern . 
automotive Stirling engine. Failure i ^. 

P-AO heater heads by MTI have snown • 
crack striations in the maniioid : .a>t 

components. Relative fatigue proor-rtev' ceter- 
•nined by MTI are shown in tne naig-s . : ig- 

ure 8, for HS-31 and three ir -c-oa-sr r.ar.cidate 
alloys. The Haigh diagram i< a craor.ica* methoo 
that is used to show the interac t icr c; r»ean 
stress with alternating : The cress 

values shown correspond : c • 'tir : lat ions ot mean 
stress and alternating stress ruige that result 
in a fatigue life of lO’ cvcles tc failure. 

The points for each o: the three R values anu a 
specific alloy are connected by straight lines to 
form upper bounds. Therefore, any c ombinat ion of 
mean stress and alternating stress range that 
falls below a particular material curve will re- 
sult in a life greater than 10^ cycles for chat 
particular material, while co«d>inat ions falling 
above Che corves will result in lives less than 
10^ cycles. A cooparison ot the data in figure 11 
for the four alloys at 800* C shows that HS-31 has 
the highest HCF strength, with SAF-l I only slightly 
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lower. The remaining two iron-base alloys, 

XF-818 and CRM-6D, have lower KCF strengths. 

Design changer, in the Mod I engine, as com- 
pared with the P-du engines, were focused on re- 
ducing the mean stress in the manifolds of th > 
cylinder and regenerator housings. Success in 
substituting any of the three candidate iron-base 
alloys will depend in part on the resulting 
stress combinations that these components exper- 
ience in Mod I engine testing. 

Experimental Alloys - Candidate iron-base 
alloys are being evaluated by Lewis and MTI as 
substitutes for Che cobalt-base alloy HS-31 now 
in use in .Mod I engines. As shown by MTI, ten- 
sile strength and fatigue resistance are lower 
for Che iron-base alloys than for HS-31. Fig- 
ure 9 shows a comparison of the 3500-hr rupture 
strength at 775° C (the upgraded .Mod 1 cylinder 
and regenerator housing use temperature) for 
HS-31 and Che iron-base alloys SAF-ll, .XF-818, 
and CRM-bD. HS-31 also has better creep-rupture 
strength chan these iron-base alloys. Results 
based on very limited data are also shown for two 
experimental alloys: EX-4G, under development 

at United Tec hnoloj? ies Research Center (LTRC), 
and EX-76, under development at AiResearch Cast- 
ing Company (ACC). Both programs are contractual 
with Lewis. The UTRC allov is in the initial de- 
velopmental stages and the alloy extiibics pro- 
mising creep-rupture properties. The ACC program 
has been under way longer and the alloy has rup- 
ture strength superior to chat of HS-31, although 
its rupture ductility is lower. Continued eval- 
uation and alloy modifications are planned for 
these two programs. 

ENGINE TESTING - Laboratory testing at Lewis 
and MTI is used to screen potential candidate 
allovs and to identify those alloys that offer 
the most potential as substitutes for currently 
used cobalt-base or cobalt-containing alloys. 
Actual engine operation gives a more . ricical 
evaluation of candidate alloys and can provi.le a 
means of ranking alloys under conditions chat 
will be similar to those experienced in upgraded 
Mod I engines. USAB is also evaluating the can- 
didate alloys chat appeared most promising in 
laboratory testing by means of P-40 engine (a 
prototype engine) tests in one of their test 
cells located in .Malrao, Sweden. Figure 10 shows 
Che combinations of alloys that were selected for 
fabrication into eight quadrants for evaluation. 
Cylinder and regeneraCbr housings were fabricated 
from Che cobalt-base alloy HS-31 and three iron- 
base alloys CRM-6D, XF-818, and SAl'-ll. Heater- 
head tubes were matched with Che corresponding 
cast alloys as listed in Che figure. Tube alloys 
were a nickel-oase alloy, Inconel-625, and four 
iron-base alloys, Sanicro 32, 12RN72, CG-27. and 


Sanicro 31H. As ot September 1982, a total ot 
1453 hr had been accumulated on the heater head 
of the P-40 engine. The test plan called for 
testing at 820* C and a pressure variation from 
4 to 7.5 MPa for 1000 hr, with inspection of the 
four quadrants after 500 and 1000 hr of opera- 
tion. If no severe failures occurred after 1000 
hr, the pressure cycle was to be made more sev- 
ere (variation from 4 to 9 MPa for an additional 
500 hr). A further increase in pressure varia- 
tion was Co be chosen after 1500 hr operation if 
no severe failures had occurred. Test resultf. 
to date (fig. 9) indicate chat during the first 
500 hr (pressure variation of 4 to 7. 5 .MPa) ot 
operation, quadrants 1 and u were free from any 
detectable failures or cracks; quadrant 2 exhib- 
ited cracks in the manifold area of Che regen- 
erator housing, and there were some possible 
indications of cracking on quadrant 3. Testing 
was continued on all four quadrants. During the 
300- to 1000-hr testing period, braze-joint tail- 
ures occurred in quadrants I and 2. These quad- 
rants were temporarily replaced bv quadrants 5 
and 6. After the pressure variation was in- 
creased (4 to 9 .MPa), two tubes failed in quad- 
rant 3, which was replaced with quadrant 7. In 
addition, it was determined that quadrant 3 was 
operating about 50° C higher than quadrant u. so 
these quadrant positions were exchanged. T.' 
date, no problems have been encountered with 
quadrant 4. Engine testing is continuing ,is 
planned. 

CONCLUSIONS 

From Stirling engine materials research 
conducted at the NASA Lewis Research Center, 
Mechanical Technologies Inc orporated , and United 
Stirling Sweden, the following conclusions were 
drawn: 

1. The leading high-strength candidate 
heater-head tube alloys are CG-27. Inconel 625, 
and 12RN72 on the basis of Stirling engine mate- 
rials simulator rig tests and stress-rupture 
tests pertoi-med at NASA Lewis. 

2. The leading low— cost candidate iron-base 
cvlinder and regenerator housing alloys all have 
shorter fatigue lives at 800° 0 than HS-31, the 
cobalt-base alloy now used in the Mod I engine, 
but some of these lives may be adequate on the 
oasis of MTI — c a Ic ulated strain amplitudes in 
cylinder manifolds. 

3. Engine evaluation at United Stirling 
Sweden of candidate heater-head alloys under con- 
ditions simulating the upgraded Mod I engine has 
shown tube-nanifold brazing to be a problem area. 
Tests in the P-40 engine at 820° C show that al- 
loy 12RN72 aav be stress and temperature limited. 
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Free“Piston Stirling Hydraulic Drive for Automobiles 

Donskl G. Bemmand, Jack G. Staby, 
and David Miao 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, OH 


ABSTRACT 

This analytical study compares the calcula- 
ted fuel economy of an automotive free-piston 
Stirling hydraulic engine and drive system with 
a pneumatic accumulator to the fuel economy of 
Soth a conventional 1980 spark-ignition engine in 
in X-Dooy class vehicle vino the estimatea fuel 
-^'conomy of a 1984 spark- igni t ion engine. The 
results of the study show that the free-piston 
Stirling hydraulic system with a two-speed trans- 
mission has a combined fuel economy nearly twice 
that of the 1980 spark-ignition engine - 21.5 to 
iO.9 kroylicer (50.7 to 25.6 mpg ) under comparable 
conditions. The fuel economy improvement over 
the 1484 spark-ignition engine is 81 percent. 

'.'he overall «^ngine and drive system efficiency 
\ ratio of power to wheels to :uel in> is 3b pei — 
cent. The studv also includes the tuel economy 
sensitivitv ot the Stirling hydraulic svstera to 
svstem weii'ht. number ol transmission shirts, 
reducei: drag coerficient, vinu varvvng vehicle 
pert ormance requ i rement s . 


IN K.ECLKT YEARS the NASA hewis Research Tenter 
•T.is '.onducted a number or Stirling engine inves- 
tigations for a varietv ot potential applica- 
tions. These activities have included the 
Department x'f Energv's Automotive Stirling Engine 
. eVe loptrjen t Hr^vect being conoact.'U hv : nt: IX)E 
JStice or Vehicle ana Engine K41), lecnnoiogy 
development and Analysis Division, and tne NASA 
Stirling Engine Technology effort sponsored dv 
: ne NASA Headquarters Conservat loti and Fossil 
Energy Systems Branch or the Energy Svstems Divi- 
>iv>n. This NASA-tufided etlort was awaed at 
•broadening the general Stirling engine technology 
.'vise at Lewis and assessing its app I i cabi 1 1 1 *y to 
a varietv o; app 1 1 cat ions . 

This study, ’*A Free-Piston Stirling Hvdrau- 
lic Drive tor Aut oaobi les , was carried out as- 
part or tne NASA-tunded eiiort. The stuav has 


■Numbers in oatentneses designate refer- 
ences at enu paper. 


relied heavily on capabilities and information 
developed at Lewis under the various DOE- and 
NASA-funded activities. A significant part of 
the NASA-funded effort has been directed toward 
the free-piston Stirling engine. The free-piston 
Stirling engine is in an even earlier state of 
development than the kinematic Stirling engine 
currently being developed unaer the automotive 
program. However, the free-piston Stirling 
engine inherently provides a high-payoff and 
high-risk type of advanced heat engine that of- 
fers the potential for high efficiency, simpli- 
city, and long life. 

Other studies (1)* have shown the potential 
fuel economy benefits of hydraulic drive systems 
for automobi les. However, a key drawback has al- 
ways been the added complexity of these systems. 
The free-piston Stirling hydraulic engine and 
drive system addressed in this study offers a 
significant degree of s imp 1 if i cat ion in the drive 
system. It avoids some fundamental problems in- 
herent in kinematic Stirling engine development 
such as seal lito ano control complexitv; and it 
also offers the potential tor even nigher effi- 
ciencv. For these reasons, tnis stuav was under- 
taken to more carefully assess the fuel economv 
potential of such a free-piston Stirling hydrau- 
lic engine and drive system lor the automotive 
appl i cat ion. 

SYSTE.M DESCRIPTION 

The tree-piston Stirling hvdraulio drive 
system assessed in this study is shown scheroati- 
calJv in figure I- The tree-piston engine gener- 
ates hydraulic output direct iv ov means ot an 
integral hvoraulic converter to supply nvdraulic 
: Iviid to the accuraulator, tnerebv compressing the 
gas in the accumulator. The accurculutor serves 
as an energy bulfer, isolating the *ngiae I rom 
the vehicle drive svstem. High-pressure tiuid 
i rc«B the accumulator is supplied to the variaole- 
displaceaenc motor-pump on aemano bv expansion 
oi the gas in the accumulator. The nvaraulic 
motor discharges the hydraulic tluid to the 
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sump» where it in again available Co the inlet 
of the converter.. Motor output is transmitted 
Co Che vehicle drive shaft through a gearbox, 
including an optional mulcispeed transmission. 

For regenerative braking of Che vehicle Che 
motor-pump unit is driven ab a pump by the 
vehicle. The pump output is used to recharge 
the accumulator. 

SYSTEM REQUIREMEfrrS 

For this study it was decided to assess the 
drive system in a conventional ’’family car'* type 
of vehicle with jfull normal performance capabil- 
ities. To this purpose the following performance 
criteria were selected: 

(1) Standstill Co 30.5 m (100 ft) in 4,5 
sec 

(2) Acceleration from 0 to 96. 3 km/hr 
(60 mph) in 15 sec 

(3) Acceleration from 80.5 to 113 kra/hr 
(50 Co 70 mph) in 10 sec 

(4) Continuous 88.5 kra/hr (55 mph) up a 5 
percent grade 

(5) Maximum speed of 113 km/hr (70 mph) '>r 
greater on a level road 

It was further decided that Che system should le 
designed such chat these requirements could 
always be met regardless of the itraoed iaCe ly pre- 
ceding operating history of Che vehicle. This 
requirement was included to avoid unsafe driving 
situations such as attempting a high-speed pass 
maneuver without Che normal expected acceleration 
capability. 

A 1980 X-body vehicle was specified as Che 
standard vehicle for the study. For the calcula- 
tions, Che X-body vehicle was assumed to have an 
inertia weight of 1361 kg (3000 lb) that included 
two passengers plus a full tank of fuel. A 272- 
kg (600-lb) weight penalty was calculated for the 
baseline hydraulic 3rive vehicle system at 1633- 
kg (36O0-lb) inertia weight, which meets these 
requirements. 

SYSTEM DESIGN APPROACH 

The design approach chosen in this study was 
to size Che accumulator system to store energy 
equal to Che kinetic energy of the vehicle at 
maximum speed (1,13 km/hr, 70 mpn) and Co size the 
engine to provide all constant-speed power re- 
quirements (including continuovs 88.5 kxa/hr v>3 
raph) up a 5 percent grade and il3 km/hr ( 7'' mph) 
on a level road).. In this approach the engine 
size can be reduced significantly and it operates 
in an off-off mode only. To assure that full 
vehicle acceleration capability would alv/ays be 
available, regardless of the preceding vehicle 
operating history, the accumulator differential 
pressure was scheduled with vehicle speed, as 
shown in figure 2, for the baseline case. The 
baseline paratoeCers are shown in cable X. This 
assured chat there was always sufficient stored 
energy to provide the kinetic energy necessary 
to accelerate the vehicle to maximum speed (113 


kn/hr (70 mph) on a level road). The hydraulic 
motor was Chen sized to meet the acceleration 
rate criteiia with the scheduled accumulator 
pressure. To avoid continuous on-off cycling of 
the engine, a ♦0. 69-MPa (lOO-psi) dead band was 
added to the acccsulator schedule so Chat the 
engine «^uld rycle off at Che top limit of the 
dead band and cycle on at the bottom limit. For 
example, for the baseline case shown in figure 2, 
at a speed of 80.5 km/hr (50 mph) the engine 
would turn on when the pressure fell below ap- 
proximately 20.0 MPa (3900 psi) and would shut 
otf when the pressure reached approximately 20.7 
MPa (3000 psi). In view of the on-of*^ engine 
operation, auxiliary power for both the vehicle 
and engine is provided by means of a separate 
hydraulic motor operating off the accumulator 
system. This assures the continuous availability 
of power for the vehicle accessories such as 
power brakes and air conditioning. It also pro- 
vides for independent operation ot Che engine 
burner system, which will be required to maintain 
heater-head temperatures at design values while 
the vehicle is operating but the engine is shut 
off. 

ENGINE SEUECTION 

At present, there are no known ‘>perating 
tree-piston Stirling engines above about 3-kW 
l4-hp) output power. Nor have any design stud.es 
been prepared that would apply directly to tae 
requirements of this study. Therefore, it was 
derided to estimate engine performance by extrap- 
olating from existing large (30 to 60 kW, 40.2 
to 80.5 hp) kinematic engine results and factor- 
ing in Che results of design studies Chat did ad- 
dress hvdraulic output for tree-^piston Stirling 
eng ines. 

It was felt that the best basis for this was 
to extrapolate indicated efficiencies from the 
results of the DOE /NASA automotive Stirling en- 
gine program. The resulting method was to calcu- 
late the indicated engine efficiency as equal to 
75 percent of the Carnot efficiency and add 1/3 
efficiency point for optimizing the engine with- 
out any requirement for higher power, high-speed 
operation. (The Mod I engine incorporates only 
a portion of the automotive reference engine ad- 
vanceioents, and still the predicted indicated 
efficiency of the Mod 1 engine is 50.1 percent, 
only 1/2 percentage point below a value of 50, o 
percent obtained by using 75 percent of the 
Carnot efficiency.) Therefore, using a heater 
temperature of 762® C (1404* F) (assuming a con- 
tinuous 15-MFa (2175-psia) charge pressure for 
3500 hr of life) and a cooler temperature of 
50® C (122* F) with 75 percent of Carnot effi- 
ciency yields an indicated efficiency of 51. b 
percent. Adding 1/2 point for the optimization 
gives an indicated free-piston Stirling 
efficiency of 52.1 percent. 

Overall engine efficiency was Chen calcu- 
lated by applying a combustion efficiency of 
92%4 percent (2) and a conservative hydraulic 
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Table I. • Stirling Hydraulic Baseline Input and Output Par^ters 
(a) Input conditions 


Accunulator and siwp Isotnertval 

Available engine power, iiu (hp) 39 (52) 

Average engine efficiency, percent 43 

Maximum displacement of scaled Volvo V-20 

hydraulic motor-puR$, cia^/rev (m^/rev) 81 (4,94) 

Maximum speed of hydraulic iBOtor-pi#^, at 

113 kn/hr (70 *^h), rpm . . . , 4000 

Total vehicle inertia weight, kg (Id) . 1633 (3600) 

AccuflHilitor maximun pressure, >®>a (p$i) , 34.5 (SOOO) 

Acrumu'.ator miniate pressure, if^a (psi) 13.8 (2000) 

maximum pressure, MPa (psi) 3.4 (500) 

Accu’nulalor and sunip voluine, (ft-^) 0.0683 {2.41} eacn 

Motor-pt^ shaft speed over wheel speed: 

Direct connected ..... 1.25 

I Single shift ..... 4.08 

j Dear direct-drive efficiency, percent; , 

I vjroan ( 

I Highway 97.4 

I Shift efficiency, percent 96 

j Tire efficiency, percent: 

j Urban 93 

, Highway 96 

J Drag coefficient 0 . 4 P 

I frontal vehicle area, tr' ;ft^) ;.98 i,2l.'»4j 

! Effective wheel adius, m im.; 0.305 ('2) 


ib) Output :onoitions 


’otal h/oaolic system weight, «.q ; J '4 ,604, 

AccLvr^Utor weignt, *g 145 'O^O; 

Sump weiqnt, ^g ;1 d; ;0 

Oil weight, tiQ ;)d). . 53 ,126) 

Volvo ■aplor-pikhp we'ghl, xg (lb; - 5 1 , ) 34 

vehicle weight less hydraulic system weigiil, 

xg ( lb '359 29% > 

riaylon :ynakx>fteter EPA standard fuel 
economy, xmyliter (mpg): 

**igh*»ay .'A.i;.' 5o.54 

jrcan. . '.9,65 ,4b. .'0 

Jornbined .......... . 2 '.54 v50.671 






converter efficiency of 94 percent (3)« The re- 
sulting overall maxitnum engine efficiency of 45*3 
percent (ratio of hydraulic power out to fuel in) 
does not include auxiliary power requirements, 
which ate accounted for separately* 

To better assess engine operation in the 
system, a hypothetical engine performance map was 
constructed (fig. 3) showing hydraulic power out- 
put as <i function of engine stroke and hydraulic 
accumulator-sump pressu’*e differential. Typi- 
cally, the engine power output can be represented 
as a function of stroke raised to a power of 1.3 
to 1.7. For the purpose of this study the expo- 
nent was chosen as consistent with a l-kW 

ll.34-hp) output free-piston Stirling engine 
tested at the Lewis Research Center. Stable 
system operation requires Chat the slope of the 
system load requirement be steeper than the en- 
gine output slope. To provide this characteris- 
tic, it was assumed that a null-center-band pump, 
similar to Che design of Toscano et al. (4), was 
used in Che converter. Although this is a very 
simplified approach, the resulting map does pro- 
vide an indication of the range of operating con- 
ditions the engine might encounter in the system. 
The map indicates a stroke range from 70 to 100 
percent of full stroke and a power range froo: 58 
to 100 percent of full power for the differential 
pressure range ot 10.3 to 33. i MPa (1500 to 4800 
psi). Examination of availaole Stirling engine 
maps, both free piston and kinematic, indicates 
Chat engine efficiency over this power range 
could vary as much as 10 percent. This 10 per- 
cent efficiency ra.ige was then applied to the 
45,3 percent maximum efficiency previously esti- 
mated. This yielded an efficiency range of 40.7 
to 45.3 percent, resulting in an average engine 
efficiency of 43.0 percent, which was Chen used 
throughout this study. 

HYDRAULIC SYSTEM 

The hydraulic system includes the high- 
pressure accumulator, the low-pressure sump, and 
the variable-displacement motor-pump, which is 
described below. In addition, the system re- 
quires some ancillary devices such as overpres- 
sure protection in the form of relief valves, 
filters, check valves, and a possible shut-off 
valve. Although it is recognized chat these de- 
vices are necessary, flow losses asscciaced with 
them should be minimal and were not accounted for 
in this report, 

ACCUMULATOR - The accumulator system (accu- 
tnulacor and sump) was sized to score usable 
energy equal to the xinetic energy of the vehicle 
at 113 km/hr (70 raph). Accumulator maximuio op- 
eratins pressure, 34.5 MPa (5000 psi) for the 
baseline case, was selected on the basis of the 
current state of the art of hydraulic motor-puap 
technology. The baseline accumulator pressure 
ratio was selected as 2.5 (minimum accumulator 
pressure of 13.8 MPa, ;!000 psi) mininiie vol- 
uBie and weight and at the same tine liait the 
differential pressure range over which the nsotor- 


pump gnist operate. Rifkin (5) indicates that 
the theoretical optimum accumulator pressure 
ratio for an isothennalized accumulator would be 
2. 72. 

In the system arrangement addressed in this 
study almost all of the energy used by the vehi- 
cle must pass through the accumulator in charge- 
discharge cyclic operation. Thus it is important 
that the accumulator cyclic efficiency be as high 
as possible in order to achieve the best possible 
vehicle fuel economy. Near ir thermal operation 
or operation at very low pressure ratios is nec- 
essary to achieve Che desired high cyclic effi- 
ciency. For the drive-cycle calculations in this 
study the accumulator was assumed to be fully 
Isothennalized. For isothermal operation the ac- 
cumulator would be partially filled with a metal 
foam material to absorb heat during the compres- 
sion process and to return heat to the gas during 
Che expansion process. For simplicity of calcu- 
lation, no weight or volume penalty for adding 
an isothermal izing foam material was included in 
Che oasic calculations. These penalties could 
vary over a very large range and depend on Che 
degree of isothermal izat ion required. The 
potential weight and volume effects of adding 
i sothermal izing material and Che degree of iso- 
Chermalization desired are addressed in the 
REoULTS AND DISCUSSION section. 

Although cy 1 indrical ly shaped accumulators 
may be advantageous from installation and cost 
standpoints, this analysis was limited Co calcu- 
lating the weights of spherical accumulators. 

For simplicity all of Che accumulator calcula- 
tions were made by assuming an ideal gus. For a 
design stress of 206.9 MPa (30 000 psi) the vol- 
ume determined from the stored energy requirement 
ranged from 0.057 to 0.085 (2 to 3 £t^). The 

baseline system volume was 0.068 m^ (2.41 ft^). 
Accounting for Che compressibility effects of a 
real gas would increase these values by approxi- 
mately 12 percent. To minimize weight, Che ac- 
cumulator can be fabricated as a composice a 
thin aluminum or steel liner with a glass- or 
Kevlar-wound outer covering. Such a construction 
would reduce the accumulator weight by one-half 
as compared with steel. Another advantage of the 
composite construction is its controlled failure 
mode with no fragmentation. The sump (low-pres- 
sure accumulator) was assumed Co be the same size 
as the high-pressure accumulator with the same 
pressure ratio. Maximum sump pressure for the 
baseline case was set at 3.45 MPa (500 psi). 

HYDRAULIC ' OTOR - The var iable-d isplacetaent 
type of moCo,- jap selected for this investiga- 
C ion was a Vo. vo Model V— 20. Performance data 
generated by Volvo for a 178-cm^/rev (10. 9-in-'/ 
rev) displacement unit was acquired under NASA 
contract (6). These data were scaled down, as 
recoffitsended in (6), to the appropriate smaller 
motor-pump sizes used in this study. For the 
baseline system the operating pressure differen- 
tial range, defined by accumulator and sump max- 
iimta and ainimura pressures and the *0.69-MPa 
(100-psi) dead band, was 33.8 to 10.3 MPa (4900 
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to 1500 psi). Motor— pump size was based on 
meeting the three acceleration criteria: 

(1) Standstill to 30.3 m (100 ft) in 4.5 
sec 

(2) Acceleration from 0 to 96.5 km/hr 
(60 mph) in 15 sec 

(3) Acceleration from 80.5 to 113 ka/hr 
(50 to 70 mph) in 10.5 sec 

The first criterion was the most severe and thus 
determined the motor-pump size. For the baseline 
case this was a unit with 81-cm^/rev (4.9-in^/ 
rev) maximum displacement. 

RESULTS AND DISCUSSION 

Fuel economy projections were calculated 
over the Federal urban and highway driving cycles 
and for the combined urban and highway driving 
cycle. These projections are presented in this 
section for the baseline system and for some of 
the variations investigated to assess sensitivity 
to various system and component design parame- 
ters. Included in these results are fuel economy 
sensitivity as a function of vehicle weight, num- 
ber of gear shifts, and drag coefficient. In ad- 
dition, runs were made to assess Che changes in 
fuel economy resulting from varying the perform- 
ance requirements. The baseline system component 
characteristics used in Che study are presented 
in table II. 

To make a meaningful comparison with Che 
Stirling free-piston hydraulic baseline system, 
the perforrjance of a 1980 spark-ignition Phoenix 
with a three-speed automatic transmission was 
computer calculated by using the same driving 
cycle and Environmental Protection Agency Clay- 
ton dynamometer computer program. The hot-start 
results for Che free-piston Stirlir^j hydraulic 
system and for the spark-ignition engine are 
shown in figure 4. The Stirling free-piston hy- 
draulic system, though several hundred pounds 
heavier, showed almost a two-to-one improvement 
in combined fuel economy (21.5 to 10.9 km/liter, 
50.7 to 25.6 mpg). Going one step further, the 
combined projected fuel economy for a 1984 spark- 
ignition engine also is shown in figure 4. The 
Stirling free-piston hydraulic system combined 
fuel economy shovred an improvement of over 81 
percent over this projected 1984 spark-ignition 
engine. 

Figure 5 shows the effects of substantial 
vehicle weight reductions and a reduced aerody- 
namic drag coefficient. For this analysis the 
ratio of hydraulic motor size to vehicle weight 
was held constant to provide nearly constant 
0 to 30.5 tti (100 ft) acceleration times. White 
(7) projects a 907-kg (2000-lb) test weight as 
feasible in 1995 with current best technology. 

The Ford Thunderbird, to be introduced in January 
1983, is projected to have a drag coefficient of 
0.35 (8). The combined effect of a 907-kg (2000- 
Ibl inertia weight with a 0.35 dr;>g coefficient 
yielded a fuel economy of 31.4 km/liter (73.8 
™P8^» percent higher than that of the base- 
line case. 


For the baseline fuel economy calculations 
the total vehicle weight was taken to be 1633 kg 
(3600 lb), including a 272-kg (600-lb) hydraulic 
system weight allowance (accumulator, sump, 
hydraulic oil, and motor-pump). The baseline 
hydraulic system weight was then computer calcu- 
lated as 273.9 kg (604 lb). No attempt was made 
to correct the fuel economy values for the 1.8-kg 
(4-lb) difference between assumed and calculated 
hydraulic system weights. This difference has 
an insignificant effect on the fuel economy. 
However, the use of composite materials for the 
accumulator and sump would reduce the hydraulic 
system weight for the baseline case by approx- 
imately 77.1 kg (170 lb), yielding about a 
3-pcrcent improvement in fuel economy to approx- 
imately 22.2 km/liter (52.2 mpg). 

The effect on fuel economy of the number of 
transmission speeds and selected gear ratios is 
shown in figure 6. One interesting finding of 
the study was that the system can achieve the 
performance requirements with a single-speed (no 
shift) transmission. It is apparent that a two- 
speed transmission makes a significant improve- 
ment in fuel economy on Che combined driving 
cycle of about 12 percent, as compared with a 
single-speed transmission. An additional shift 
(three speeds) only increases Che fuel economy 
about 2.4 percent more. Thus there is not much 
of an incentive to go beyond a two-speed trans- 
mission. As a result, Che baseline case was 
chosen with a two-speed transmission. It should 
be noted that these calculations were all made 
for the same vehicle inertia weight of 1633 kg 
(3600 lb). Some small reduction in Che fuel 
economy benefits of the two- and three-speed 
transmissions would result if the appropriate 
weight differencials were included in Che 
analysis. 

All of the calculations in this study were 
based on an ideal gas and assumed the thermody- 
namic process to be isothermal in both the ac- 
cumulator and the sump. This isothermal izat ion 
can be achieved by filling the units with a high- 
surface-area material with high porosity and the 
appropriate thermodynamic properties. Obviously 
this requires larger total accumulator and sump 
volumes to compensate for the isochermalizing 
material volume in the accumulator and sump. 

This correction was not made in Che computer cal- 
culations since Che degree of isochermalizacion 
required was not defined. However, the results 
of the com''uter analysis provided additional in- 
forraation cn the operation of the accumulator 
system. This allowed further assessment of Che 
degree of isothermal izat ion required and the 
associated efficiency and weight penalty. Even 
though an accumulator pressure ratio of 2.5 was 
chosen for the baseline case, the combination 
of pressure schedule versus speed, coupled with 
a +0.69-MPa (100-psi) dead band, resulted in a 
computer-calculated maximum pressure ratio over 
the combined driving cycle of 1.89. .More impor- 
tantly, the average pressure swing was only about 
1.15. Table III calculated from (5) shows the 
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effect of various deg;rees of isothemuiliration 
(varying fill factor) on accumulator cyclic effi- 
ciency. Even with zero fill factor (pure adia- 
batic), the cyclic efficiency at the average 
pressure ratio (1.15) was about 96 percent. At 
a fill factor of 10 percent this increased to 
about 98 percent; and at a fill factor of 25 per- 
cent, to about 99 percent. These efficiencies, 
along with an estimate of the weight and fuel 
economy penalties associated with the addition 
of the isothermali ration material, are shown in 
Che Cable. 

This first-order assessment indicates the 
optimum fill factor to be of the order of 10 per- 
cent. However, this yielded a fuel economy im- 
provement of only about 1 percent, which may not 
be worth the added cost, increased accumulator 
volume, and complexity. Use of composite mate- 
rials would have only a small effect on these 
results since only a third of the weight penalty 
( isothermalization material plus accumulator con- 
tainment) comes from the increased containment 
weight. Isothermalization of the sump, which 
handles only 10 percent of the energy handled by 
Che accumulator, would have substantially less 
effect on fuel economy and thus was not evaluated 
further. 

As a final comparison the effects of relax- 
ing the performance requirements were assessed. 
Since, in this system, motor size directly con- 
trols the acceleration torque available, two 
smaller and one larger variable-displacement 
motor-pump were investigated. The fuel economy 
results and the acceleration times associated 
with each performance criterion, along with Che 
required time for each criterion, are shown in 
figure 7. The baseline system uses an hydraulic 
motor-pump with 81 cm^/rev (4.49 in^/rev). As 
shown in this figure, Che 0 to 30. 5-m (100-ft) 
standstill distance was met, and Che 0 to 96.3 
km/hr (60 mph) and 80.5 to 113 km/hr (50 to 70 
mph) required acceleration rates were exceeded 
with the baseline system. Going to Che extreme 
and decreasing Che rm^Cor — pump displacement by 
about 26 percent (60 cm^/rev, 3.7 in^/rev) had 
little effect on Che highway fuel economy and 
increased Che urban fuel economy about 3 percent. 
The combined fuel economy improvement was then 
only about 1.6 percent. Again, these results are 
all based on a vehicle inertia weight of 1633 kg 
(3600 lb). Adding in Che small weight benefit 
effect of the bO-an^/rev (3 . 7-in^/rev) unit (as- 
suming unit weight is proportional to displace- 
ment) increased this to only about 2.2 percent. 
This modest fuel economy gain was made at the 
expense of substantial increases in the acceler- 
ation times, from 18 to 52 percent longer chan 
with the baseline unit. On Che ocher hand, in- 
creasing motor-pump size to 100 cm^/ rev (6.1 
in^/rev) yielded a relatively "hot" performing 
vehicle with a 0 to 96.5 km/hr (0 Co 60 mph) time 
of 9.b sec at a fuel economy penalty of 2.4 per- 
cent. Again accounting for the small weight 
penalty for Che larger motor would increase the 
fuel economy penalty Co only about 3 percent. 


When this relative insensitivity of fuel economy 
is considered, cost, packaging, and the market- 
ability of a **hot" performing vehicle may be more 
significant factors in considering any trade-offs 
in motor— pump sizes with acceleration capability. 

The overall energy balances (including no- 
menclature) for the Federal urban and highways 
drive cycles are shown in figure 8. Some of the 
significant efficiencies for the system are as 
follows: 



Urban 

cycle 

Highway 

cycle 

Hydraulic drive efficiency 
(C/D)®, percent 

75.4 

84. 1 

Regenerative braking efficiency 
(a/B), percent 

70.4 

74.3 

Overall hydraulic system 
efficiency (C/E), percent 

84.4 

85.1 

Overall engine and drive system 
efficiency (C/F), percent 

36.3 

36.6 


^Refer to fig. 8 

The 36.3 percent overall engine and drive system 
efficiency is 45 percent better than that projec- 
ted as feasible (7) in the 1995 time period for 
an advanced diesel engine with a continuously 
variable transmission. 

The question arises as to how much of the 81 
percent improvement in fuel economy as cooq>ared 
with the projected conventional 1984 spark-igni- 
tion vehicle could be achieved by using a more 
conventional engine with the same type of energy- 
buffered hydraulic drive system used in this 
study. A detailed evaluation of this question 
was beyond the scope of this effort. However, 
preliminary estimates were made by simply ratio- 
ing the fuel economy results of the study on the 
basis of expected engine and hydraulic pump effi 
ciencies. The results are presented in table I\> . 
This approach ignores a number of specific dif- 
ferences such as auxiliary po>/er requirements, 
idling or engine-off losses, and weight differen- 
ces. However, these differences are unlikely to 
affect Che following conclusions for engines uci- 
lizing this energy-buffered hydraulic drive sys- 
tem: (1) the free-piscon Stirling hydraulic 

engine and drive system offers fuel economy im- 
provements significantly greater than would be 
achieved with either a diesel or spark- ignit ion 
engine and (2) the kinematic Stirling engine of- 
fers a fuel economy improvement approaching that 
of the free-piscon Stirling engine. However, 
factors such as cost, complexity, life, and reli- 
ability, in addition to the fuel economy differ- 
ential, give the free-piston Stirling hydraulic 
engine and drive system a substantial advantage 
over the kinematic Stirling engine system. 

CONCLUSIONS AND CONCLUDING REMARKS 

The free-piston Stirling hydraulic engine 
and drive system has excellent payoff potential. 
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Taole IV, - Preliminary Coffijiarison of Alternative Engines 
with tnerqy- Buffered Hydraulic Drives 


Inqme and drive 
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C lency, 
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The results show an overall engine-drive ef- 
iiciency of 36 percent, as compared with about 
12 percent for current automobiles, and a com- 
bined fuel economy 81 percent greater than that 
projected for the comparable 1984 spark-ignition 
engine vehicle. Further, high acceleration capa- 
bility can be provided with minimal fuel economy 
[)enaltv. The 0 to 96.5 km/hr (60 mph) accelera- 
tion time was reduced from 12.1 to 9.6 sec with 
'olv a 3 percent fuel economy ;'enalty. 

The fuel economy improvement results are 
' j ♦ f ic i en 1 1 V encouraging that simplifying assump- 
tions used in the studv -.hould not significantly 
liter the projected fuel savings. 

Although detailed evaluation has not been 
;-iade, preliminary »*stimates also indicate that 
the tree-piston Stirling engine should be signif- 
icantlv better than more conventional alternative 
•-ngines .spark ignition, diesel, and kinematic 
Stirling^ with the same Cvpe ol hydraulic drive 
'• V s t'em. 

No cost projections were made in this study. 
The nv’raulic svsten arranv'ement used in this 
st'idv was not optiir.ized. dther arrangements and 
comoinations ot hvdr<*alic components should be 
! nvest igated further. 

rree-p). ston Stirling t‘ngine technology is 
•sClI; in It'; Lnlnncv. Kinematic Stirling engines 
• • I : - u nundred horsepower in size hav»* been 
,i.t. .ino 'e :'\-r NASA Automotive Stirling 
•.•'.^inv' program is currently itfvcloping on<» lor 
autonu'Cive ipnlicaCion at about nO kW l80 hp). 
•iow*»ver, the largest tree-pistvin Stirling engine 
built t'-* int.' i> about ) <W » hp ) . ana the onlv 
'.vdrauiic 'utput rree-pi.ston Stirling engine 
;t r i«v.'iopntuu is a neart pump t.-ngine with 
.‘•'.'v;t id.nL-hp) Output power. 

'.!u* -ritica; resrar^n ana ue ve lopinent need 
! r t i s '•'igine driv*.* ''Vstem tht»n is to design, 
UI.-. 1 , .inu test a tree-pi<ton Stirling hydraulic 
in tnt' n) to -*u <W to Sa hp> output 

r juge n or.ier t»' vi-' i ^.'^p anu vaiiuat»» this t-'ch- 
. i appropriate <ize range. Tru’ ini- 
in rnis prv^cess «otjlu ne to conuuot a 
• ■ i ; :n i na r'*‘ vngin*’ ana <vstem viesign el tort to 
:^;ur.K'’ I 'peciiic engine -lesign. to reiine the 
• i - .^'uomv ana p» r t "rmance prv' ject lon.s or this 
-t .C.V, .ina to assess svstem costs anu packaging. 

Cv'p'gress nas mandated that t ne 1 leot ot 
omob i It'S ruiit tor 1985 must achieve 11.7 km/ 

. r 2'.' mpg ’ .IS .neasured bv uvnamometer tt‘sCs 
. ; ^ r*' ; •. : ,‘n- 2 a v i r 'ome n t a . TretectivUi 

•Agencv. 2.nis paper presents a system concept 


that conservatively would surpass that mandate 

by 84 percent. 
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A Look at a Cooled, 
Insulated Stirling Engine 


Wtllism A. Tomazic 
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AaSWAei 

A simple analysis was made on a new Stirling 
engine design corKrepc. The concept makes use of 
an insulating ceramic liner in a cooled metal 
structure co form cylinders and regenerator hous- 
ings. The concept is intended to reduce greatly 
the need tor expensive, strategic, high-tempera- 
ture ullovs and to improve efficiency. Tue ana- 
Ivsis reported herein revealed chat signilicant 
eificiencv improvement is possible it cylinder 
inner-wall temperatures can be increased and made 
more uniionn along the evlinder length. Poten- 
tial etficiency gains as high as 20 percent lor a 
•40-kW, lOOO-rpir engine were calculated. The re- 
sults v?i this analysis, which did not address 
poCertial practical problems related to the use 
of ceramic liners, suggest that this concept de- 
serves a rigorous thermal and design analvsis to 
defint.* Its potential benetits and limitations. i 

- I 

THE •■.NGINE requires Chat cveie neat ad- 

ditiv'n "^e Drought to the working rluiu bv trans- 
ler vicross load-rearing boundaries and that the 
hot onus ot the cvLinaer and regenerator housings 
re kept at Cemporatuies close to the maximum 
working rluid temperatures to avoid unacceptable 
he<ac losses. This means that the maximum cvcle 
temperature and, nel>ce^, elti'iency are limited 
bv the :iigh t emper it ure creep rupture strength 
ot cne engine hot end materials oi constr>.c- 
cion. It IS general practice for Stirling de- 
signers to eavpioy costly, high alloy metals for 
these coinpot uics. Such alloy* as N-15> ana HS-31 
are tvpical. The coacepc of a cooled, insulated 
engine was suggested by Meijer and Uiph in their 
scudv ot the Stirling engine for heavv-dutv ap- 
plications '1)."“ Thev proposed g I ass-c eramic 

kx'rk performed for the I’.S. Department ol 
Energv -.nder interagenev Agreement DE-AlOl- 

:'CS5ib-.o. 

■'‘‘Nuiabers in parentheses designate reteren- 
ces at tuid ot paper. 


insulation material enclosed in cooled external 
metal sheaths for Che engine cylinders and regen- 
erator housings. Since the metal load-bearing 
structure would be at low temperature, costly al- 
loys would not be required. The glass ceramic 
insulation would greatly restrict the radial heat 
conduction out of the cylinder and regenerator 
housings. Meijer and Ziph proposed that the ra- 
dial heat loss would be -■>1 the same order v'’f ma,'- 
nitude as the axial heat conduction : com the b^t 
end down to the cold end of a conventional all- 
metal Stirling engine and that the eificiencv 
levels would be equivalent. Thev assumed a ther- 
mal conductivity of O.b W/'C for Che glass *era- 
mic. This value, lower than that for conrm.'r*- 
cially available glass ceramic roaterials, is tor 
a proprietary material developed dv Philips Re- 
search Laboratory. The coticept o: csing glass 
ceramic insulation in this manner was introducea 
as part of the advanced Stirling engine tecluiOi- 
ogy work done at Philips Re searc h Zaborat orv . Iz 
was one ot the advanced c 'ncepts being exa'jint-: 
in the Advenco engine proiect. Tn I o r t una t e 1 v . 
Philips chv‘*se to crop their Stirling «'ngir.e pr 
gran Detor«. the concept could t>e ceveloped. 

The cooleu insulateu Stirling ••ngine ' i ' ‘l- 

tr-r< not onlv the potential ot reducing :v>st, oi.it 
also tne possiMlitv oi improving e'ticiencv j: 
racial conduction losses could be reduced witn 
more etticient insulation. A simple, preliminarv 
•^tucv vas -jndertaken at Lewi*; Research Center t* 
Cv'opare ;>eat losses :or tne cooieo. ;:isv;latvc 
concept with those for ‘onvencional engines. The 
ellects of t-ngine power level ano Cosign speed 
were examined. The results or tnis anaLvsis are 
presented here in . 

AMALVr.’CAL APPROACH 

The intent of this analvsis is to compare 
boat losses tor a cooled, insulated engine with 
those tor a conventional engine such as tne 
I'm ted Stirling P-^kO. 

TYH!«)ER MOOfcl, COhTEXTlONAL ENGINE - Fig- 
ure 1 shows a sc nematic cross s%':tion oi a 


I3t 





cylinder for a typical conventional Stirling 
engine. Heat inpiut to the cylinder is through 
heater tubes at the top of the cylinder. The 
outside of the cylinder is generally insulated. 
The bottom of the cylinder is fastened to the 
cold end of the engine. Conductive heat flow is 
primarily downward to the cooled lower end of 
Che engine. 

For this analysis it was assumed chat all 
conduction was downward, that none was radial, 
and chat Tp , Ti , T3 were constant across the 
cylinder wall thickness and constant for any 
engine size (AT/l. would Chen decrease with 
increasing engine size). 

Four types of heat losses were assumed for 
the conventional engine cylinder: 

Cylinder Conduction Loss - This loss can be 
described by an t:quation of Che form 


*^0 


kA AT 


where A is the effective heat flow area, which 
must be derived for a tapered wall. For differ- 
ent engine powers and design speeds, AT (Tj - T3) 
is assumed consc;mC, and k is then constant. 
Thus , 




where k and AT can be assumed constant. 
Hence , 


cp 


A 

L 

P 


where Ap is the piston wall cross-sectional 
area and is approximately equal to aDjt^^. The 
piston wall thickness t^p should increase as 
diameter increases to maintain constant stress; 

•> 

therefore, A is proportional to D., and L is 
proportional Co D:. So, finally, * 


D. 

i 


Shuttle Loss - Heat transferred from the hot 
wall to the colder piston at the Cop of the pis- 
ton stroke and then from the hotter piston to the 
cold wall at Che bottom of the stroke can be des- 
cribed as 


gs 


kr D . S ■ AT 

i 

8CL 


As before, AT and k are assumed constant 
irrespective of engine size. 


where 


* = i ('^o - "0 = T (“o ^ °i) 




where C is the mean wall thickness corre- 

w 


D . 

o , 


spending to A and the mean outer diameter 
Assuming constant: design stress and constant cyl- 
inder mean pressure as engine size is changed, 

mean wall thickness t varies directly with 
w 

c V I inder diameter : 


Since engine proportions are to be kept constant 
as engine size varies, S (stroke) and L (dis- 
placer lengths are both proportional to Dj. 

Thus , 


Th. 


‘n A « Td * D-Id. and D * D . , 
(_ o ij i o I * 


g iving 


Pumping Loss - This loss i.s ascribed :o toe 
motion of working gas in and out of the radial 
clearance volume between the piston and the :vi- 
inder* It can be described using a relationship 
ot the general form proposed bv Sios and 

Martini ( 3 ): 


It is assumed that engine proportions are main- 


tained as engine size is 
Therefore , 


rhanged and that L 


D; 


Q, . * D- 


Cylinder conduction heat loss is directly propor- 
tional Co cylinder inside diameter. 

Piston Conduction Loss - This loss can be 


described by the equation 


kA AT 
n 

a _ — A. 


1 s 


kP 


:iT,p) 


P V 


It is assumed in this analysis that all pressure 
and temperature relationships in this equation 
remain constant as engine size is varied; 
there lore. 


RP 


where 


S « L, 


»D.L C 
I S 


gP 
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and where is the length and C is the 

clearance. Since 



Note that shuttle loss Qg^ is directly propor- 
tional to clearance, while pumping loss Qgp is 
inversely proportional. Their sum is at a min- 
imum when the two losses are about equal. The 
clearance at which this occurs is generally ira- 
practically small. At practical clearances, Qgp 
will be substant ial Iv greater than Qgs* This 
analysis assumes that clearance will be kept con- 
stant at the minimum practical value for all 
sizes of engines examined. 

The regenerator housing is also subject to 
conduction losses ir. the samti manner as the 
cylinder, and the same sort of equation applies. 
It is assumed that the regenerator is also 
scaled in direct proportion to the cylinder and, 
therefore, that the conduction loss ^ in 
the regenerator is proportional Co engine size 
in the same manner as cylinder conduction loss. 


where k is the conductivity of the ceramic 
liner, A, is the mean surface area of the ceram- 
ic liner, AT is the temperature drop across the 
ceramic liner, and t„ is the thickness of the 
ceramic liner. The surface area Ag is propor- 
tional to the square of the cylinder diameter Dj^ 
if the cylinder proportions are kept constant as 
engine size is varied. The conductivity k is 
assumed constant over the temperature range of 
interest. Typical corasercial solid glass ceram- 
ics of similar composition vary less than 10 per- 
cent in conductivity from 450" to 600’ C. The 
ceramic liner thickness t^ is kept constant for 
all engine sizes. Therefore, radial heat con- 
duction can be shown as 

Q - D? AT 
^rc 1 

The same relationships also apply to the regener- 
ator housing, and 

Q « D? AT 
rr i 


Engine power R is proportional to displaced 
volume and engine speed if pressure, temperature, 
and the ■-‘ther >lesign parameters that affect p:>wor 
are Kept constant, irrespective of engine power 
level or design speed. 


R - V- S = - D^SN 
d l 

Stroke IS proportional to diameter. Therefore, 


Conductive Loss - This loss is still propor- 
tional to as for the conventional engine. 

However, AT may be higher. This analysis con- 
sidered a range of possible AT*s. In any event, 
Qf. p is small enough that it can be dropped from 
the calculation of heat loss for both engines, 
since it adds only a constant relatively small 
loss. 

Shuttle Loss - This loss is a function of 
engine dimensions for the ceramic-lined engine 
in the same manner as for the conventional 
engine. However, for the ceramic-lined engine, 
we must examine the effect of a range of pos- 
sible inside wall temperatures and AT*s. 



i 


COOLED, INSfLAFED ENGINE CYLINDER MODEL - A 
hvfrruat ic cross section ■> f 3 ^ylindtr for a 

insulatT'd Stirling engine is shown in 
: igure d. The engine ennlovs a joolec outer 
metal -ivlinder and regenerator housin’' lined 
with a low-: endue t ivitv . h igh-teraperature glass 
:erarruc. wnien will insulate Che r:>etal structure 
Co prevent over temperature and also minimize con- 
ductive heat loss. The analysis held the follow- 
\ .jg .issumpt ions : 

: one-... : L V 1 1 V or the glass goraraic liner 
was O.OOt) .inu c ne cnickness tor all 

engine configurac i.>ns was 1 cm. The inner sur- 
face of the metal structural wall was kept at 
UK)* C tor all engine configurations by water 
cooling, Further, all conduction was radially 
outward over the whole cvlmder surface, and no 
C onduc t ion cv:o ur red downward . 

Cylinde r Radial Conduction Los s - This loss 
can be expressed bv 


kA dT 



w 


2 

D AT 

i 


(Note: AT for both shuttle loss and pumping 

loss is taken as “ ^hg ^ • 

Pumping Loss - This loss i& also related to 
engine dimensions as for the conventional engine, 
but again AT will be examined as a variable. 

Q « D?C AT 
gP ‘ 

CONVENTIONAL ENGINE HEAT LOSSES - Calcula- 
tions made for the United Stirling P-40 using the 
Lewis Stirling engine performance model at nomi- 
nal design power an.d speed (40 kW at 4000 rpm) 
gave the following results for the various heat 
(tr • 1873 W. (tp - 134 W, 

= 5557 W. Differences in 
losses did not affect this 
analysis. For simplicity, it was not considered 
further. The total heat loss was then 

'^t • Qcc * * \s * 'Jgp ■ 8”^ “ 


losses: = 503 W, 
Q„s =■ 701 W. and (^p 
the piston conductive 


m 
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The relative heat loss for different size engines 
was 



and where R is the design power at.d N is the 
design speed. 

The losses calculated for the P-40 engine 
with the Lewis performance program were extrapo- 
lated to design powers from 40 to 320 kW and 
design speeds from 1000 to 4000 rpm. Wall and 
hot-gap temperature were assumed constant for 
all configurations. 

COOLED. INSULATED ENGINE HEAT LOSSES - It 
can be expected that using a glass ceramic liner 
in a cooled engine could result in a higher inner 
wall temperature in both the cylinder and regen- 
erator housing;. The temperature would also be 
more uniform from the top to the bottom of the 
cylinder. The higher wall temperature should 
result in higher radial conduction losses but 
lower clearance gap losses. Total heat loss 
appears to decrease as wall temperature Ty 
is increased above some nominal value. 

Cylinder Radial Conduction Loss - 

kA AT 
s 



For a P-40 sized cylinder with a 1-cm-thick glass 
ceramic liner, Aj = 158 cra^. Conductivity for 
this liner is assumed as k - 0.006 W/cra°C. The 
outside liner temperature is taken as constant at 
100° C. Therefore, for all four cylinders. 


For a P-40 sized set of two regenerators and a 
1-cm-thick lining, Ag = 223 cm^. Conductivity is 
assumed as k “ 0.006 W/cm°C, and liner outside 
temperature as 100“ C. Therefore, for all four 
regenerator sets, 

. .[Sisaaom] 

= 5.35(T^ - 100° C)W 


To calculate Q^-j. for different sized engines, 
correction is made for different surface areas, . 
such that 



where T^ for the regenerator is 
the same as for the cylinder. 
Shuttle Loss - 


gs 


2 

DT AT 
1 

C 


assumed to be 


As noted previously, the Lewis performance pro- 
gram calculated Qgj for Che P-40 engine at 
nominal design conditions (40 kU, 4000 rpm) to be 
701 W. Tliis is for an effective wall temperature 
of 490° C. 1 have assumed Chat T„ is the same 
as the hot-gap temperature and that it applies to 
Che shuttle loss as well as Co Che conduction 
loss. The mean expansion temperature Tg„p t* 
taken as 584° C for all cases. I have assumed 
that will vary with T^, approximately as 

shown ; 


gs 


701 W 
584 - 490 


(584° C - T ) 




(0.006)(158) j 


(T - 100° C)W 


= 7.46(584° C - T )W 

w 


Q ^ 3.79(T - 100" C)W 

rc w 


In order to calculate for different size 

engines, a correction for diaweter is made which 
accounts for the change in surface area; 



Regenerator Housing Radial Condvtction - 


Q 


rr 


RA AT 
$ 


t 

w 


The equation for for different engine sizes 

is 



(Note: Clearance C is held constant for all 

engine sizes at the miniiaum practical value,) 
Tumping Loss - 


Using the Lewis performance programs, an estimate 
of the effect of varying AT (Tg^p - Thg) was 
made (fig. 3). The effect of AT on Q„p is 
very nearly linear and can be closely approxima- 
ted by 


“ 57.2 [(584° C - T^) * 225]w 
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where is; taken Co oe equxvalenc to 

For ditterent engine sizes, 



Clearance is again assumed constant. 

Total Heat Loss - The specific equation used 
:o calculate total heat loss tor various engine 
sizes IS 



Total I'.eaC-loss estimates tor cooled, insulated 
-engines o: -*0, 30, 160, and iCO kW nominal power 

ino ^ 000 , TOGO, and 1000 rptn design speeds were 
-:ade. Figures -♦ tvi 10 show Che r e I a t i v>nsh i p 
:>etween near loss and wall temperature for the 
range o: power and design speed exa.ained. 

DISClSSK-'N oF KESuLTS 

Figure -k shows spec i tic total heat loss as 
i :-.nction n : average wall temperature tor sev- 

••ra. -'ngine .lesign power 1-^veis. As might b** 
exp.-c:--', >pec:fic heat 1 'ss decreased with in- 
creasing wall, temperature. This is iue to the 
creponovrant -irect t ,IearaiKe losses, in par- 
: ic ilar, :n»- punping loss. Specitic heat U'ss 
was lisc reduced as power was increased. Losses 

related to ert\'ccive surface area ami in- 
.reas»'d Dv trie square ot the rvliader diameter, 
wrule rew«-*r was a luncti-'n 'i i <p I ac ement and. 
lenc*-. v.incer ciaraeter .^ned. .Also i>lv>tt<c ur- 
ine points representing total heat losses :ot 
:ouventional engines. clttective average wall 
temperature vf.as assumed to oe G tor ail 

power levels. I • . *3 line is projected horicon- 
tally to the c orrespond ing c ooled-eng me neat- 
loss line, the wa i I temperature at wnich cooled 
engine K'ssos .ire equal t v> * [ engine 

U-^sses Jetxnea. I call tnis the ’’break even” 
temj>erature. Above this temperature Cv>oled 
engine pertormaoce snouUi exceed conven*ional 
engine pertorsiance. Below, cooled engine per- 
toruiance will oe lower. Figures and n show the 


satne inforaaCion for 2000 and 1000 rpn, respec- 
tively. ‘rhe trends are essentially the sarae at 
all speeds, but the trend lines are steeper with 
lower design speeds. Interestingly, the break- 
even temperature rends to be higher with both 
higher powers and lower speeds. This can be seen 
clearly in figure 7 where break-even temperature 
is plotted as a function of design power for 
1000, 2000, and 4000 rpm design speeds. For each 
speed, the break-even temperature increases with 
nominal power and appears to level off at powers 
above about 300 kU, The level of break-even 
temperature goes up as desii^^n speed is reduced. 

The potential efficiency benefit of Che 
cooled, insulated engine concept can be seen more 
directly in figure 8. Here is plotted the speci- 
fic heat loss difference between uncooled and 
cooled engines as a function of average wall tem- 
perature for a range of engine power and a design 
speed of 4000 rptn. Specific heat loss difference 
is defined as to^’al heat loss for the conven- 
tional engine m. us total heat loss for the 
cooled, insulated engine divided bv design power. 
This quantity is also numerically equal to the 
relative increase (or decrease) in thermal effi- 
ciency. For example, a specific heat loss 
difference of 0.1 denotes a one-tenth, or 10 per- 
cent, increase in thermal efficiency (such as 
going from 30 to 33 percent). The break even 
temperature can be seen clearlv in this figure 
a^ the point at which each loss line crosses the 
7cro line. The maximum gain is for a ^0-kW 
engine with an effective average wall temperature 
approaching the average expansion temperature. 
This gain is progressively less as engine power 
is increased. A 320-kW engine gains only about 
3 percent at the same temperature. This effect 
is due Co engine power increasing more rapidly 
with engine size than cylinder and regenerator 
surface area. Since the losses are related to 
cvlinder and regenerator surface area, thev be- 
come a less significant fraction of output power 
as size increases. rherefor**, anv technique 
which tends Co reduce sur race-area related losses 
has less, eftect on performance as engine power is 
i nc reused . 

Figures 9 and 10 show the -same relationships 
for engine design -soeeds 2000 rpm .ind 100(3 
rpro, respec t i ve 1 V . The same trends are observed. 
However, the slopes increase with increasing de- 
sign -Npeed. The maximum possible gains are ap- 
proxiroatelv N percent at -*<) kW and 2000 rpm and 
20 percent .it -*U kk .ind lOOo rpm. This, again, 
reflects the el feet of surrace area which in- 
creases with increasing design speed. 

CONCLUDINC HFMAKKS 

’The Cv>ncept 't using insulat»‘d, cooled cvl- 
inders and regenerator housings tor j Stirling 
•»ngine offers Che possibilitv .•*! largely elitni- 
.nating the need for expensive, strategic high- 
temperature alloys. This is obviouslv desir- 
able, The question ot whether and under what 
c ircumstances this approach to Stirling engine 
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design could result in increased performance was 
examined in this simple analysis. This analysis 
does not attempt to address the practical prob- 
lems which may be involved in the cooled, insu- 
lated engine concept. For example, the design 
of a small engine (of the order of 40 kW) may be 
severely compromised by inclusion of liners thick 
enough to do any good. And, no consideration 
whatsoever is given to the problems involved in 
installing and maintaining a glass ceramic liner 
in a practical engine of any size. 

The results of this analysis indicate that 
performance gains can be made if appendix gap 
losses can be reduced. It appears that this can 
be done if higher cylinder inner wall tempera- 
tures can be achieved. Oddly enough, for the as- 
sumptions made in this analysis regarding the 
relative values of conduction and appendix gap 
losses (which ar€* based on P-40 engine calcula- 
tions made with the Lewis Stirling performance 
code) overall heat losses actually decrease as 
radial conduction losses increase with higher 
inner wall surface temperatures. The appendix 
gap losses dominate and are reduced substantially 
as wall temperature approaches the expansion 
t emperature . 

An engine with an active cooling system and 
appropriate insulation should provide the oppor- 
finitv tor control of the cvl’nder inner-wall 
: '‘mperature . Speciticallv •' >w this would be done 
«nd what temperature^^ ^ ano r-*ductions) could 

be achieved should be the suoject for a much more 
Jetailed and sophist icated analysis. This anal- 
ysis should be carried out to define explicitly 
what the potential of this concept is. Further- 
more, it would be desirable to examine the design 
and fabrication problems involved in achieving 
:he design concept in practical engines. 

Ni'MKNCLATL’KE 

A., niston wall cross section ar*'a 

surtace area tor conduction 
s' clearance between cvlinder ano piston 

D, engine cylinder inner diameter 

'*ngine cvlinder outer diameter 
< thermal c onduc t i v i t v 

L reierence length or uncooled cylinder 

Lp piston length 

S engine speed, rpm 


Q heat flux 

Qcc cylinder conductive loss, conventional 

engine 

Q^p piston conductive loss, conventional 

engine 

Qcr regenerator conductive loss, conventional 

engine 

Qgp hot gap pumping loss 

Qgs shuttle loss 

cylinder conductive lo.ss, cooled insulated 
engine 

Qrr regenerator conductive loss, cooled insu- 

lated engine 
total engine heat loss 
total heat loss for cooled engine 
Qfy total heat loss for conventional engine 

P cycle pressure 

^max engine cycle maximum pressure 

R engine design power 

Tp engine pressure ratio 

S engine stroke 

T| uncooled cylinder reference temperature, 

top 

T 2 uncooled cylinder reference temperature, 

midd le 

T 3 uncooled cylinder reference temperature, 

bottom 

^exp average expansion temperature 

^hg rature 

Ty cvlinder inner wall t»*mper.it ;r^ 

t„ wall thickness 

Vjj displaced volume 

Vg annular volume of hot gap between piston 

and cvlinder 

■f ratio of specific heats 
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TTie Garreu/Ford AGT 101 Program has pro- 
gressed through iriitial design, fabrication, first gen- 
eration aerodynamic component tests, and currently 
is focused on engine test bed development and 
ceramic component development. Many significant 
development activities have been accomplished, 
including successful full-speed operation of the 
AGTIOI Mod 1 (1600°F) engi^ to 100,000 rpm. 

A complete set orceramic static structures. 


consisting of 49 parts, was assembled and success- 
fully tested in the structures rig to the Mod 1 (1600°F) 
design conditions. Many ceramic structures have 
passed thermal screening tests to 2100®F. A silicon 
nitride rotor, produced cooperatively by ACC and 
Ford, has been spin tested at room temperature to 
102,000 rpm, which e''ceeds the maximum power 
design condition. 

Aerothermodynamic component testing of the 
first iteration AGTIOI (2500"F) turbine design has 
been completed. Results of these tests show that 
final program goals have been exceeded in the low- 
power regime and initial goals have been exceeded at 
maximum power. The second compressor test has 
been completed with results showing that design flow 
and pressure ratio goals have been achieved. Com- 
bustiw fuel nozzle development indicates that pro- 
gram emission goals are achievable within the pro- 
gram time frame. 

S adicate that AGTIOI program goals 
)ver 3700 cornppnent rig test hours 
and 185 starts the engine have 
.in the development test program. 
Testing continues, xgith emphasis O'h performance, 
incorporation' of cerarqic components, and higher 
temperature capability. 


INTROOUCTIOM 

An automotive Advanced Gas Turbine (AGTl 
technology program is being conducted by Garrett 
Turbine Engine Companv and Ford Motor Company 


under OOE/NASA Contract DEN3-167. This effort is 
a significant part of the Gas Turbine Highway Vehicle 
System Program established by the Department of 
Energy, with NASA-Lewis Research Center providing 
project management and administration. The Garrett/ 
Ford AGT (designated AGTIOI) is a 100-horsepower, 
regenerated, single-shaft gas turbine engine. Cer- 
amics are used extensively in the engine hot flow 
path. The status and technical progress through 
September 1982, which completes the third year of 
the project, is presented in this document. 

The project was initiated October 1, 1979; the 
original program schedule is shown in Figure 1. The 
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Figure 1. AGTIOI Original Program Schedule. 

Reference Powertrain Design (RPD) preliminary 
design review was successfully completed on 
January 30, 19g0 and a second design review involv- 
ing the Mod 1 powertrain and initial development 
engines was completed on April 3Q, 1980. Piese two 
reviews were held on schedule and successfullv com- 
pleted Contract Milestone 1. There have been no 
significant changes to the initial design since incep- 
tion. 

The Garrett /Ford project work plan was modi- 
fied in FY19S1 to accommodate budget constraints. 
Testing of several first-generation metallic compo- 


us 



nenis was reduced, powertrain development (gearbox 
and transmission) was deferred, and vehicle activity 
terminated. These changes permitted concentration 
of resources toward continued development of higher 
technology components and ceramics necessary for 
the AGTIOI engine. Significant progress was made 
in FY19S1 as aerothermodynainic testing of the Mod I 
(1600°F) components was completed and the first 
engine was assembled and tested on ,luly ■)!, 1981. 

As FY1982 approached, the fiscal restraints 
caused restructuring of the AGTIOI program as 
shown in Figure 2. Advancement of ceramic tech- 
nology, improved component aerodynamic p>erfor- 
mance, and power section development as a "test bed 



Figure 2. Restructured AGTIOI Program. 

for ceramics" were considered key objectives of this 
program. The power section performance objectives 
of 0.3 specific fuel consumption (sfc), 100 shp and 
low emissions were not changed from the original 
program. When these objectives are demonstrated, 
private industry will fund powertrain development. 

AGTIOI DtSlGN FEATURES - The AGTIOI 
engine, as show'n in Figure 3, is flat rated at 100 
horsepower, with a minimum sfc of less than 0.3. 
The single-shaft rotating group is composed of a 
turbine, compressor, and output gear supported by an 
air-lubricated, foil-journal bearing and an oil- 
lubricated ball bearing. Ambient air enters the 
engine through variable inlet guide vanes and passes 
through a single-stage compressor. The compressed 
air. at approximately 365°F, is routed around the full 
engine perimeter to the high pressure side of the 
ceramic rotary regenerator. This feature provides 
increased thermal efficiency by minimizing heat loss. 
The partially heated air passes through the regener- 
ator core, where it is further heated to about 1 9t»0®F 
maximum temperature at idle, and then to the com- 
bustor. 

The original combustor design utilized variable 
geometry to limit primary zone maximum temp>era- 
tures to 300Ci"F to suppress NOx formation, provide a 
prevaporizinf^/premixing zone to limit particulates 
and unburned hydrocarbons, and provide a high level 
of mixing along with minimal wall quenching to 
assure low CO formation. 

Recent NASA and Garrett work indicates that a 
less complex design utilizing a lean-burn, low-ernis- 



Figure 3. AGTIOI Power Section. 

Sion, fixed-geometry combustion system has high 
potential of meeting the emission requirements. Hot 
gas exits the combustor at a maximum temperature 
of 2b00°F to the turbine stator and then expands 
through the radial turbine rotor. The turbine 

exhausts the hot gas, at a maximum temf>erature of 
2030*F at idle, to the low pressure side of the 
rotating regenerator and out the engine exhaust at a 
maximum temf>erature of 310*F at maximum power. 

All ceramic hot section structural components 
are symmetrical except for one housing that separ- 
ates high and low pressure regenerator flow. The 
symmetrical design provides a more uniform stress 
distribution and ease of manufacturing. 

Key engine components have been undergoing 
performance testing in rigs during FY1982. These 
activities are summarized in the following para- 
graphs. 

COMPRESSOR - Two additional compressor rig 
tests have been completed; Tests 2 and 2A. In Test 
2, the modified impeller (increased tip and shroud 
recontour) was tested with a vaneless diffuser to 
establish imp>eller characteristics. Results indicated 
that, as desired, flow and work increased over Test 1. 

In Test 2A, a three-stage diffuser, designed to 
match the modified impeller, was installed and full 
stage testing was completed at sp>eeds from »0 to 100 
percent of design corrected speed and IGV settings of 
0, v20, +40, and +70 degrees. Axial clearance through- 
out the test was controlled to within 0.003 to 0.004 
irreh. Test results, comparing the original design 
(Test 1) with Test 2A, are shown in Figures 4, 5, and 
6. This data indicates the following: 

o Orisign pressure ratio and flow were attained 
o tow speed efficiency was significantly 

increased from Test 1 

o A desirable efficiency envelope has been 






o Initial design goals were exceeded at idle, 

cruise, ;ind maximum power conditons 
o Prograni goals were exceeded at idle arxl cruise 
(X)wer points 

o Exhaust diffuser performance remained 

extremely good over the operating range 

An 84 percent idle efficiency was achieved 
compared with the 79 percent program goal. Cruise 
performance was 84.5 percent versus 84.3 percent 
predicted. At maximum power, an initial design 
efficiency goal of 83.7 percent was projected; test 
results show that 85.2 percent was achieved. Table 1 
presents a summary of the ACT 101 turbine develop- 
ment testing conducted to date. 

Table 1. AGTIOI Turbine Development 
Test Summary 



Initial 

Goal 

Initial 

Test 

Program 

Goals 

Idle 1600‘’F 
Idle 2500”F 

0.718 

0.762 

0.763 

0.840 

0.790 

Cruise 1600°F 
Cruise 2500“F 

0.782 

0.815 

0.796 

0.845 

0.843 

Maximum Power 1600“F 
Maximum Power 2500“F 

0.871 

0.837 

0.865 

0.852 

0.865 


f eometry combustion system and evaluation of can- 
idate fuel nozzles. 

Based on work conducted through NASA and 
Garrett in-house efforts, the AGT ceramic combustor 
design is evolving to a lean-burn, low-emission, fixed- 
geometry system. Numerous geometries have been 
analytically modeled using NASA information, 
Garrett in-house efforts, and cold flow nozzle tests 
of the Oelavan Simplex and Duplex nozzles. Figure 9 



Figure 9. Modified Simplex Nozzle. 


In an effort to assess tested turbine perfor- 
mance on powertrain operation, the tested turbine 
map is curre-ntly is being input to the cycle analyses 
program. 

Fabrication of the dual alloy turbine rotor for 
o[)eration at a turbine inlet temperature (TIT) of 
2100"F has continued. The rotor is comprised of a 
cast MAR-M 247 blade ring with directionally solidi- 
fied blade tips and low-carbon, powder metal, astro- 
loy hub hot isostatic pressure (HIP) bonded together. 
Figure 8 shows a rotor cut in half to examine the 
bond zone. .An excellent bond was achieved. Addi- 
tional rotors currently are being machined for engine 
use. 
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Figure S. 5iuccessful Dual Alloy Turbir»e Fabrication 
Achieved for AGTIOI Program. 

COMB.USTOR - Development of d>e AGTIOI 
ceramic combustor has concentrated on analytical 
modelirtg of a lean-burn, low-emission, fixed- 


depicts the nozzle configuration selected for contin- 
ued evciluation. Analysis and cold flow testing indi- 
cates that a fixed-geometry combustor, using a radial 
swirler, provides uniform flow fields and temperature 
profiles. Hardware has been ordered both for initial 
metal testing and ceramic testing. 

Emissions testing of a Delevan Corporation 
Simplex fuel nozzle has been conducted at 1600°F 
combustor inlet temperature. Corrected combustor 
inlet flows were adjusted to yield the same pressure 
drop and fuel-air ratio as defined for engine opera- 
tion. To assess the Simplex nozzle system potential 
at actual engine conditons, this data was corrected to 
compensate for different inlet temperatures and resi- 
dence times. The correction factors applied to this 
data were based on information published in NASA 
TM 81640, "Ultra Lean Combustion at High Inlet 
Temperature”. Idle emissions were not corrected for 
higher inlet temperature and residence time since 
NASA data, similar' to this condition, was not pre- 
setited. Results of these tests are summarized in 
Figure 10 for steady-state points. The emission 
indices shown are based on a 36 mpg urban estimate 
using DF-2, whidi is consistent with a predicted 
Combined Federal Driving Cycle of 42.8 mpg (DF-2) 
for the AGTIOI installed in a 3000-lb inertia weight 
vehicle. These results show that the lean-burn fixed- 
geometry combustor has excellent p»otentiat of meet- 
ing pro{jram goals. 

REGENERATOR SYSTEM - Regenerator 
system development efforts have corrcenti ated on 
redxjiction of seal leakage, evaluation of high- 
temperature coatings, and engine test support. Ford 
has continued work on secoi^ and third generation 
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Figure 10. Element Rig Emission Results and 
Estimated Mod II Engine Emission 
Lev<‘ls. 

seals. Secfflid generation (Phase 2) seals involved the 
addition of a third diaphragm to assist in preloading 
the upper diaphragm against the engine housing. 
Static seal leakag«t tests showed a minimal reduction 
in leakage for this configuration. Further investi- 
gations indicated a need to load the lower diaphragm 
and retainer against the metal substrate. This con- 
fig uration, identified as Phase 3, shows a marked 
improvement in static seal leakage. Recent tests 
conducted at Ford show a leakage of 4.4 percent 
compared with a program goal of 3.6 percent. 

Development of high-temperature coatings for 
2000°F operation has progressed. Ford has evaluated 
1 4 samples and has accumulated over 2000 hours of 
test time. Of thc' samples evaluated, the GE super- 
alloy substrate and Ford 1-112 coating appear to 
satisfy the 2000®F objective. ^ summary of this 
regenerator development is provided in Table 2, 


Table 2. Regenerator Hardware on Test 



State-of- 
the- Art 

Test 

Result 

Program 

Goals 

Effectiveness, percent 

90. 1 

93.6* 

93.9 

Temperature, °F 

1832 

2000 

2000 

Leakage, percent 

7.2 

4.4 

3.6 


♦Projected from previous test. 


ROTOR DY''JAMIC5 - The rotor dynamics pro- 
gram task has developed a satisfactory rotating 
assembly for engine operation. This task was accom- 
plished using a rotor dynamics rig that completely 
replicates all dynsEmic features of the rotating group. 
Using the Garrett rotor dyrtamics test facility, the 
replicated engirte hardware. Figure 11, has been 
operated to full speed (100,000 rpm) 21 times, with 
1 2 1 hours accumulated rig operating time. 

The Teflon-coated foils presently being used 
have adequate tstmperature margin for the Mod I 
(1600“F) engine environment. Later engiites will 
require highw temperature foil materials and coat- 
ings. Consequently, investigation of the high- 
temperature foil bearing (titanium carbide coated) 



Figure 11. Rotor Dynamics. 

has been initiated. This bearing has been successfully 
operated to full speed (100,000 rpm). 

CERAMIC COMPONENT DEVELOPMENT - 
Ceramic components, as shown in Figure 12 have 
been received from the leading United States cer- 
amic centers (Ford, ACC, CarboruFKlum, and Corning 
Glass Works) and NGK in 3apan. T)ie good progress in 
material and processes development have made it 
possible to accomplish the component development 
activities described below. Material compositions 
include silicon nitride, silicon carbide and lithium 
aluminum silicate. 

Ford and ACC have made good progress in 
development of ceramic turbine rotors. After 
successful spin testing without failure of non-bladed 
rotors to 1 1 3,000 rpm (ACC) and 134,000 rpm (Ford), 
efforts during the past year have concentrated on 
developing bladed rotors. Early bladed rotors with 
visible blade defects were spin tested at Ford. 
Although the defective blades fractured as low as 
79,000 rpm. the rotor hub remained intact at I 1 5,000 
rpm. A recent rotor fabricated jointly by ACC and 
Ford was spin tested to 102,000 rpm exceeding the 
engine full-power design condition. Steady progress 
is expected to continue at ACC and Ford in develop- 
ment of reliable rotors for the AGTIOl engine. 

Ceramic structures have been undergoing 
mechanical screening tests, thermal screening tests, 
and structures rig tests in preparation for engine 
development testing. The firs; set (49 pieces) of 
ceramic components were assembled and successfully 
tested to !600"F in the structures rig shown in Figure 
13. 

Entering into the next piiase of development, 
several ceramics structure* -ave been successfully 
tested in the thermal screen.ng rigs to 2100®F. This 
effort is in preparation for structures rig and engine 
testing to 21Q0"F (Mod 1 Complete design goal). 

COMPONENT TEST EXPERIENCE - Outstand- 
ing progress has been demonstrated on the aero- 
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Figure 12. AGTIOI Ceramic Parts. 



Figure IX AGTIOI Ceramic Structures Test Rig. 


dynamic, thermodynamic and endurance test rigs. As 
shown in Table \ over 3700 hours have been 
accumulated in AGTIOI component development. As 
expected, the bulk the tost hours have been 
accumulated on the endurance regenerator seal wear 
rigs. Aerodynamic performtince rig time has oeon 
limited to that necessary for data acquisition. Final 
performam::e . and endurance capability must be 
demonstrated in the power section tests, 

POWER SECTION DEVELOPMENT - Assembly 
of the parts as sltown in Figure 14 for the first build 


Table 3. AGTIOI Component Test Experience 


Rig 

Accumulated 

Hours 

Through 

9/30/S2 

CoTipressor 


IGV Flow Rig 

42 

Compressor Rig 

67 

Turbine Cold Flow Test Rig 

122 

Combustor 

Auto Ignition Rig 
Element Rig 

68 

Main Combustor Rig 

39 

Regenerator 


Cold Flow Regenerator Rig 

102 

Hot Flow Regenerator Rig 

38 

Ford Seal Wear Rig 

2020 

■^ord Static Seal Rig 

955 

Rotor Dynamics 


Rotor Dynamics Rig 

121 

Hot Foil Bearing Rig 

11 

Foil Bearing Test Rig 

167 

Cc'rarr.ics 


Thet mal Screening 

5 

Structures Rig 

9 

TOTAL 3766 


ISO 





Figure AGTIOI Parts Display. 

of AGTIOI engine S/N 001 began in 3une 1981. The 
engine was nnotored to 30,000 rpm on 3uly 30, 1981. 
Weeks of cold and hot motoring followed, to verify 
mechanical integrity and establish leakage from the 
high pressure (HP) to the low pressure 'I P) portion of 
the engine. 

With external ducts as shown in Figure 15, a 
leakage evaluation was conducted using a helium 



Figure 15.. .AGTIOI Mod I Configuration 
With External Duct. 

flow-seeding technique, shown schematically in Fig- 
ure 16. When using this helium flow-seeding tech- 
nique, the coi-TifH-essor and/or HP regenerator inlet 
flow is seeded with helium at selected injection 
ports. This seeded flow is ducted from the test cell 
alter passing through the HP side of the regenerator 
core. Conditioned combustor inlet flow tften is 
introduced to the burner. A proper compressor and 
turbine flow match is maintained and fuel is intro- 



Figure 16. AGTIOI Mod I Build 1 Test lA, 
Regenerator Leakage. 

duced, as required, to control turbine inlet tempera- 
ture. Regenerator seal leakage from the HP side 
(seeded) to the LP side (unseeded) is determined by 
means of mass spectrometer measurements of helium 
concentrations in the exhaust. 

During these tests, TIT was increased to a 
maxi mum of 1250°F at an engine speed of 50,000 
rpm while leakage weis monitored. Helium leak 
testing revealed that internal leakage was excessive; 
about 35 percent of co.mpressor flow. Therefore, 
further testing was deferred until leakage could be 
decreased. Fuller's Earth then was introduced into 
the compressor inlet to p'^ovide visible indication of 
leakage areas. The engine was removed from the 
test cell for disassembly, inspection and analysis. 

The engine was disassembled and progressively 
photographed. \o evidervte of damage was present, 
internal leakage, as indicated by Fuller's Earth 
traces, was evident at the flipper seal, regenerator 
seals, turbine shroud piston seals, exhaust housing 
piston seal and numerous instrumentation penetra- 
tions. A comprehensive analysis and static leakage 
test of each suspected component was initiated. 
Twenty different potential leakage paths were identi- 
fied and relative leakage values established for the 
points shown in Figure 1 7. 



Figure 17. AGTIOI Leak Path Designations. 
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Improving seals around instrumentation, adding 
springs to seat critical piston rings, and substituting 
an AS (alumina-silicate) regenerator core manufac- 
tured by Coming for the more porous MAS (mag- 
nesium alumina silicate) core allowed the static leak- 
age to be reduced to approximately 15 percent of 
compressor flov^ on Build 4 of S/N 001 engine. This 
leakage would further reduce under the hot operating 
conditions and was considered adequate for initial 
engine operation. 

The engine was installed in the test cell and a 
smooth start and acceleration to 50,000 rpm was 
made. The TIT was adjusted to lOOG^F and helium 
leak testing initiated. Compressor flow and back 
pressure were cidjusted to approximate corresponding 
turbine conditions, including the measured internal 
leakage. The TIT was increased to 1250"F while 
decreasing turbine pressure to maintain a steady- 
state speed of 50,000 rpm. A match of compressor 
flow and pressure ratio was obtained with the turbine 
by adjusting the compressor flowpath back-pressure 
valve. This match represented the engine self- 
sustaining conditions both for the turbine and com- 
pressor even though the flowpaths were separated. 
The engine was shutdown and external ducting sepa- 
rating the compressor and turbine flows was remove J 
and replaced with a duct connecting the flowpaths 
shown schematically in Figure IS. 



Figure IS. AGTIOI Mod 1 Build 1 Test 13. 

Self Sustain. 

On December 15, 1981 the engine, shown in 
Fig ure 19, was started and accelerated to 50,000 
rpm. Idle fuel consumption was approximately 
3 Ib/hr using fuel. This test provided the first 
self-sustaining operation of the AGTIOI as a com- 
plete unit. OtTe hour and 58 minutes of self- 
sustaining operation was achieved on the first run. 

Testing continued on the engine into January; 
electronic control functions were modified to 
improve lightoff and control functions. On 
January 5, 1982, some members of the House Science 
and Technology Committee and 3 PL visitors watched 
the engine operating near idle condition (53,000 rpm). 
Controls development continued through January. 
Testing was terminated after the engitte reached 
80,000 rpm and a speed control instability was 
observed. Teardown revealed that the turbine shroud 
had radially shifted touching tlie turbine rotor and 



Figure 19. AGTIOI Power Section in Test. 


causing foil bearing distress. The turbine shroud 
support bolts were bent and had not slipped in the 
turbine shroud slots as intended during thermal 
expansion. 

^ redesign of the turbine support system was 
performed. The design features a radial flexure 
system consisting of nine beams supporting the tur- 
bine shroud as shown in Figure 20, which is repr. sent- 
ative of the present engine configuration. 


UTioi swwme 
ORlUflU. TUBBINl SHROUD 
SumiRT SYSItK 
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MODlflEO SHflOUD 
SUPPORT StSTfiH 


Figure 20. AGTIOI Turbine Shroud Support System. 

S/N 001 Build 5 was assembled with the rede- 
signed turbine support system. Proximity probes 
were installed on the turbine shroud to monitor radial 
clearance from the turbine rotor. The engine was 
installed in the test cell on March 30. 1982, and 
subsequently completed 30 start/stop cycles of hot 
testing to verify turbine shroud concentricity during 
engine opieration and after shutdown ar>d cooling. 
The engine was accelerated to 75,000 rpm at the end 
of the test while monitoring rotor dynamic behavior 
which wait excellent. The proximity probes Indicated 
no shift of the turbine shroud during the test. Of 
significance, is that during this test, the lowest idle 
fuel flow (2.6 IbAm, JP-R) was recorded on a dead 
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Afeight fuel measure-nent sysieTi. This is the lowest 
idle fuel flow known on any gaS turbine and is already 
comparable to modern spark-ignition piston engines 
in the 100-hp class. A low idle fuel flow is necessary 
to meet the overall fuel consumption goals. 

S/N 002 engirie which incorporated radial and 
axial clearance probes for the compressor and turbine 
entered the test program in May 1982. ftuild 1 of this 
engine provided limited data as an abnormal rotor 
dyr.amic behavior was observed. Minor oii leakage in 
the compressor inlet was observed. 

Between May and September 1 932, tests of one 
build of S/N 001, three builds of S/N 002, and two 
builds of S/\ 003 -were conducted. Some abnormal 
rotor dynamics and minor compressor and turbine 
rubs were experienced. Inadequate clearances at the 
rub locations have been corrected. Additional stabi- 
lisation of rotor motion is being evaluated both in the 
rotor dynamics rig and engine test beds.. 

ihn September 28, 19S2 S/N 001 Build c .^.as 
satisfactorily accelerated to full rated speed of 
100,000 rpm. This unit provided furtr. :r supportive 
lata on running turbine clearances. By mid-October 
1982, all three engines had been run to near full 
speed (97,000 to 100.000 rpm) and had accumulated 
over 90 hours and 185 starts (see Table i'. 


Table '■*. Testing Through October 15, 1982 


Rower Section 
Serial Number 

''tarts 

•7 

■ '^per T.'iie ; 

001 

101 

1 nrs -7 -nin 

002 

50 

10 hrs 29 ■run i 
1 

003 

3i» 

8 nrs 5$ -nin j 

Total 

185 

! 

''■>1 run | 


To verifv proper opieration. testing • these 
units, will continue during t'^e next few w.'e-,s. 
Engines S/N OOi and S/N 002 then will he utilised as 
development test beds (or eramic components. 
After engine S/N 003 performance .s verified, .t v.!. 
be snipped later this vear to '’PL .is nart of the hoi i' 
ACT progra-i. 

Sl.MM ARY 

Progress of the AOTIOI eramic fevelopment 
effort has been excellent. This .s wnfied bv the fact 
that all ceramic pai'ts have been s ji.- -essfuilv f.tbr-- 
c.ited; in some cases bv nore tnan one ';ontractor. 
These parts are fabricated from different nateriais. 
and various manufacturing methods, which enhances 
the potential for successful ceramic applications. 


Garrett test rigs have been valuable tools in this 
technology development. In (act, the structural parts 
already have been successfully tested as an assembly 
over simulated engine start ar>d stop cycles. Ceramic 
bladed turbine rotor development by ceramic con- 
tractors has provided rotors capable of full operating 
speed. TTus was considered the most difficult tech- 
nical challenge when the AGTIOI program startej 
three years ago. Some said it could not be done. 

Compressor and turbine aerodynamic perfor- 
mance is another significant accomplishment. The 
“xcellent efficiencies demonstrated at idle and cruise 
will enhance the Combined Federal Driving Cvcle gas 
mileage projections. Also of significance .s rep»ne- 
rator developme-’t, which has provided leakage ra ’s 
approaching program objectives: the 'ombustor 

offort is equally impressive. At program initiation, 
variable geometry was thought to be required to 
meet future emissiian goals. However, development 
to fate indicates that a simple, inexpensive, fixed- 
’eometry combustor has the potential to meet ill 
"mission levels. 

As previously stated, the AGTIC! engme :s no* 
.1 test bed for evaluation of ceramiv: and other 
technologies being developed. .Aver the oast vear, 
testing has progressed to the point where netil 
engines have now demonstrated full speed operation. 
\ithough the engine test ped checkout period has 
heen lengths, the time spent has Teen worthwhile. 
Many problems experienced with t*'e netai — 'g.nes 
VO. Id nave 'esuited m -erami.-; parts fa. .ores wno 
resoiting expensive repairs and failure ..nvestigations. 
The next step is to evaluate ceramics .n :*ie engine 
test beds under actual operating environments anvf 
experience actual interfaces between ••'etui inC 
■itho' -eramic parts. 

•This ^GT1';! engine test bed .s a s.immat.,>n .sf 
ail significant .nrogr.im technology idvarvrements. 
The go-forward program Ithrougfi FV!'>85> to leveiiop 
t'v:s engine will technicallv be a chaileng.rg effor*. 
Xitivsiigh excellent progress has n,'cn --ade n in 
environment of incertain funding, the ’'a;or -cal- 
enge st 1! i.es .ihead. Bringing .'era-nics icd .'C’er 
tecpnologv eieme-rts *o sat.sfactorv .-evve 

•' tne eng.ne test oeds, and provi fmg ;-'c .redicte-* 
fuel 'monvS'Ti'., e-n.ssion levels, and ■*.-Si-"-i >swv.v 
.eveis. .while maintaining t‘>e "U.tif lei 'ap.vP:i;tv. s 
a -liff. ■ lit. Put acpiev.iple task, 

’5ased ,sn progra -1 progress to tare, f e \w', T’V 
tea"! has '-onf.dence that overall progrw esais. w ... 
be .ichieved. T'ius. bv ’ '^Sh, t”e ’ 'niteo svjtes auto 
•'dustrv will N* .n a position to "Ove towards pr.vfi,-- 
tion with the gas turbine tec'-niSiOgv teveloped .n tnis 
■program. In .iddition, the new technologies wiii ne 
valuable nat.onai assets tor manv gas turbine applica- 
t.ons. 
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QUEST lOU AND ANSWER PERIOD 


Q; During the' cot.ipressor rig test, was stall 
measured? 

A; My answer to your question is that we did 
measure stall at each speed line that I 
showed on the coi-ipressor uiap all the way 
from 100 down to 50,000 rpn. Wo had good 
surge mar<jin over all the range up to about 
100,000 njm. We would Tike to see just a 
little more surge margin at full speed than 
we showed. But overall, we met or exceeded 
our objectives as far as margin. 

0: What is the maximum turbine materials 

temperature ^ou project in your runs? 

A: The max temperatures we expect in the 

turbine rotor in the final engine (the 
2500-degree turbine inlet temperature 
engine) are 2200 degrees on the turbine 
blade and 2000 degrees in tlie hub of the 
rotor, that is the max temperature shown 
oy analysis. 

Q; Could you tell us what the clearances were 
tnat you icasjre.. in serial number 1, 2, 
and d tests) ''ou re talking about turbine 
clearance) The question was, what kind of 
turbine clearance was measured in the ACT 
engines run to date? Are you talking 
engine build clearance or component running 
clearance during engine operation? 

A; During engine testing, we had 

1 nstruii'entati on to measure the transient 
clearance luring full-speed operation ana 
at full temperature -excursions. The 
clearance was seer so change out of the 
./tnler of JO tnousanaths •rom cold start to 
not >'^nn' nq conditions. Co that loeans to 
acti'eve ..ur target juai of 1 v.) thousandths 
running clearance in tne turbine, we had to 


have a build clearance of approximately 40 
tiiousandths. During the 20-minute 
transient, the clearance would decrease 
from 40 thousandths down to 10. In the 
compressor, the clearance change was much 
less in the order of 13 to 17 thousandths 
that it closed. So you can build within 13 
to 17 thousandths of your desired running 
•clearance on the compressor. 

0: Jim Napier from Solar Turbines, what 

materials were used in the rotor and did 
you have more than one supplier for the 
rotor? Are you talking about the metal 
rotors or the ceramic rotors? Jeramic 
rotor and rig test. 

A: The rotor that we used in che rig test or 

aerodynamic testing was the metal rotor 
built to the same contour and profile as we 
would expect 'n the final design of the 
ceramic rotor. But as far as the ceramic 
rotor and the people who are working on 
that are concerned, we nave Ford working on 
sintered reaction bonded silicon nitride 
for the '■otor and we have AiRf-searcn 
-astiig Jonpany working smtered s'^'con 
m tri ic. 

j; dad those been spin tested and not ,r cell 
tests? 

A; fes. Early in the program, a - jr-q --otor 

one of the first units they orocessedi was 
cold spin tested. 'here were some 'laws 'i 
the olades nof^e ; before they even started 
the test and scx.ie • the olade tips let go 
during the test, but their ey,tor survived 
over 115.JO0 • .,n •nd-:ati’’g they na l good 
naterial • ” rhe nub " tne ••'.'’.or. An ACC 
-etvr rec-jrit), «as _J: ip " tested to 
ICE.JOO rprn. 
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1<)84 Pontiac Phoenix with Gas Turbine Power Train 


AGT 100 


©Multifuel ca(»biiity 
®42.5 mpg fuel economy 
® low emissions 



Competitive: Reliability, life, costs, 

performance, noise, safety 

TE81-7023 


Fiijure I. ?-»nti.3c ^hc^enix vith Curbin»' power train. 


1 Ceraraic components in hot section flow path 
) silicon carbide corabusCor 
) silicon carbide gasifier turbine vanes 
3 silicon carbide power turbine vanes 

> lithiim aluroinuTfi silicate (LAS) turbine 
exhaust /regenerator bulkhead 

> alurainuRi silicate regenerator 

■> four a:irconia thermal barrier rings- 
sc ro 1 1 nvount i ng s 
■> insulation materials 
' Metal components in not section flow natn 
' Mar-'^T'-ib gasitier and power turbine ro- 
t ->r s 

' stainless steel 1138 casifier and oDwer 
t jr bi rie sc rolls 

?‘*H !)DA appr-'ach to meeting orograrai •)biec~ 
:..*es IS t> incorporate state-of-the-art aero- 
ivnaiaic and ceramic components in the engine 
iS they are available and to run to competitive 
turbine inlet toraperature levels from tno bo- 
4;inning of the testing after shakedown test- 
. u . The olinned t irhine inlet teaperature 
;s l-iTS’F, and the inclusion of ceramic compo- 
nent s initially is consistent with rig and en- 
gine experience in the CATE program and fro«a 
the rig -riual i f icat ion testinj 5 on ACT 100 com- 
ponents. Future engine testing will introduce 
improved aerodvnasic components and ceramic 
cocsponents as rig testing proves tlieir engine 
readiness. Projections for the next year sug- 
gest completion of afiechanical shakedown testing 
with the geometry described and at the 1975*F 
turbine inlet temperature. Cera^aic corsponent 
fabrication progress suggests gasifier rotor 
or scroll testing verv late in FY 1983 or early 
in n* 1984 with all ceratsic c<*aponents and 


turbine inlet temperature at 23SO“F (reference 
power-train design level) in late FY 1984 or 
earlv in FY 198'>. 


Component efficiencies for the initial ACT 
100 configuration are these: 



Init lal 

Closed clearances 

Compressor 

781 

<»o; 

tasi f ier turbine 

8 3,4: 

83. 7: 

Power turbine 

8 7; 

89X 

Regenerator 

84; 

84X 


C^xEsmon development experience dictates 
"jpen" clearances while engine operating char- 
icteristics are mapped and transient behavior 
parts ts learned. These clearances are 
then closed to achieve optimuia performance 
! roa the engine. Figure * shows i progression 
>f horsepower ind specific fuel consumption 
values expected with the 19'5*F and I'lSO'^F 
engine conf igurat ions. 

■£ s*.: : SE t'erfo'Oiancf 

r'erformance analyses were conducted to 
evaluate the effect of various engine parame- 
ters on fuel consi^ption. This information 
quantifies the effect of each paraaseter and, 
among other things, indicates where program 
resources and effv^rt should be directed for 
naxia»im payoff. 

The height of each bat represents the 
amount of parameter change required to produce 
a fuel economy (epg) change of IX. Fuel econ- 
omy is thus least sensitive to the tallest bar 
and most sensitive to the shortest bar. 

Froa Figure 5 it can be seen that a 0.25X 
change in regenerator effectiveness produces a 
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Figure 4, PredicCed hp ind stc values lor the 1975*K and -3>0*F engine configurations. 
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Figure 5. Performance parameters and effects. 


IX change in fuel economy. This effect is il^ 
lustrated soraewhat differently in Che fuel 
economy vs velocity curve. A IJ decrease in 
ef f ec t ivencfss gives about a decrease in 
fuel ecooosuy. It should be noted that these 
effects are reversible; a IX increase in ef- 
fectiveness* would give a 4i increase in fuel 
economy. 

The fuel economy curve also shows the pre- 
dicted engine performance using existing com- 


ponents. These predictions are based on the 
aerodynamic perfonsaiace values from rig tests 
in combination with the temperature C2330’F) 
allowed by ceramics. The results show a com- 
bined driving cvcle fuel ^^conojav of 36 apg. 

CERAMIC COMPOMEMT DEVELOPMENT 

Over three vears of ceramic effort in the 
AGT 100 program has resulted in Che components 
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shovn in Figure 6. Success of Che AGT 100 en- 
gine is dependent upon Che success of these 
ceramic coffiponents ; accoffiplishments over Che 
last year have brought us closer Co our goals. 

The most difficult component Co address 
has been the turbine rotor, largely because of 
the fabrication problems inherent with the 
Chicle iHib, and the high service-strength re- 
quirements. This year we have seen rotors in 
cold spin tests exceed 110,000 rpm, or 127Z of 
design speed. 

Recent data from component samples show we 
are approaching test bar strengths in compli- 
cated shapes. This is a result of a new die 
incorporating features to improve the strength 
of the part. Bars from these new rotors show 
strengths greater than those of Che rotors spun 
to 110,000 rpm. Additionally, proof tests cull 
out the lowest strength rotors Co give in- 
creased confidence of a population with a 
higher average strength. 

Advancements were made in other components. 
The injection taolded SiC vanes successfully 
passed 10 thermal shock cycles at heating rates 
of 1000°F per second and were subsequently run 
in Che engine. In this case, as well as in 
other component work, the success was attribu- 
table in a large degree to Che experience 


gained from the CATE program and applied to 
Che AGT program. 

The combustor (alpha SiC) design was modi- 
fied to reduce Che number of ceramic parts from 
five to four. In rig tests the emissions were 
a factor of 10 lower than goal, and the com- 
bustor operated exceedingly well in the engine 
test. 

A new scroll has been designed and fabri- 
cated and awaits testing. Though basically 
slip cast, it is fabricated using pressed and 
injection-molded parts to its final assembled 
configuration. 

Insulating rings (thermal barriers) of 
zirconia have also been fabricated and were 
installed in the engine for the testing. 

There have been no problems with these parts 
CO date. 

Finally, a large (14 lb) LAS exhaust dif- 
fuser and regenerator seal platform was fabri- 
cated by Corning, tested, and installed in the 
engine. Static deflection tests were run suc- 
cessfully, and the results agreed well with 
Che analytical model. 

The work has been a joint effort among DDA 
and the vendors. CBO has been the primary 
contributor on the SiC parts discussed, and AC 
and Kyocera have developed Che zirconia rings. 




Corning Glass Works continues to supply regen** 
erator disks and L^S bulkheads* Much o£ the 
thermal barrier-*rotor attachment work has been 
done by DDA and CBO, and GTE! has made advances 
in silicon nitride rotor work. 

EMGINE TESTING 

Assembly of the first AGT 100 engine, shown 
in Figure 7, was completed in July 1982. This 
initial configuration contained the following 
ceramic ccMiiponents: silicon carbide vanes for 

both turbines, silicon carbide combustor, LAS 
seal platform, AS regenerator disk, and air~ 
conia insulating spacers. 

The engine was installed on a test stand 
equipped with a combination motoring, absorp- 
tion dynamometer. Instrumentation lines con- 
nect t) a remote data acquisition center. Data 
are recorded at approximately six readings per 
second. Pretest checkout included careful at- 
tention to the engine control system. All ac- 
tuation systems were operated and calibrated; 
the fuel system was also checked and nozzle 
flow rates measured. 

Motoring tests have been completed. Both 
the starter and the dynamoTiieter were separately 
employed to drive the engine. Sound, vibra- 
tion, shaft whip, and lubrication system checks 
were made during this running. Pilot nozzle 
lighc-ofts have consistently been successful. 
They were followed by start nozzle tests dur- 
ing which combustor geometry positions and 
nozzle air-assist pressure level were varied. 
Schedules were identified that produced suc- 
cessful start nozzle light-offs. 

The engine is currently being reassembled 
following minor modifications made as a result 
of mechanical shakedown testing- 


AGT 100 COMPONENTS AND SUBSYSTEMS 

Technical challenges of the AGT 100 engine 
program involve various aerodynamic components 
as well as ceramic and other structural compo- 
nents and the electronic control system. In 
1981 the primary component testing effort fo- 
cused upon aerodynamics: compressor, combustor, 
turbine, and regenerator. Achievement in 1981 
of the compressor and turbine goals required 
for the initial engine build allowed 1982 ef- 
forts to be devoted to further improvements in 
the combustor and regenerator, as well as to 
experimental evaluation of ceramic engine com- 
ponents and the electronic control system. 

Figure 8 contains a suTomary of the testing 
now completed in each component area. 

RF.GENERATOR DEVELOPMENT 

Regenerator development etfort has concen- 
trated on the fabrication and qualification 
testing of the components required for the 
first engine build. Successful completion of 
these efforts resulted in the assembly of the 
regenerator system for the first engine build 
on schedule with rig-based performance charac- 
teristics matching the first build require- 
ment s . 

An important function of the regenerator 
cover is to provide a smooth transition of 
flow from the compressor discharge air deli- 
very tube to the regenerator with minimum 
pressure drop and a flow distribution compati- 
ble with Chat of the regenerator gas-side. 
Improper matching of these flow distributions 
can adversely affect regenerator effectiveness 
and engine sfc. 
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Figure 7, AGT 100 BUI on test stand. 
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Figure 8. Aerodynamic component and subsystem rig status. 


Combining measured flow distributions with 
the disk characteristics, the regenerator ef- 
fectiveness was calculated and a significant 
loss relative to uniform flow was identified. 
Modifications to the cover have been modeled 
and tested, as shown in Figure 9. The result- 
ing flat velocity profile restored calculated 
effectiveness to within IX of that for uniform 
flow with essentially no increase in pressure 
drop. 

The first engine build of the ACT 100 will 
be used to evaluate starting characteristics 
and low speed operation at reduced tempera- 
tures. The regenerator system hardware selec- 
tion reflected these operating goals by pro- 
viding reduced low power leakage with a high 
clamp seal. The inboard seal incorporated 
0-ring backup at the miter joints and full 
perimeter O-ring backing of the outboard seal. 
The estimated regenerator system leakage and 
effectiveness are also shown in Figure 9. 

Correlation and analysis of all available 
leakage data have resulted in the indicated 
breakdown. Future development efforts will be 
directed at those areas where potential for 
iaproveisent exists. Insmediate proesising areas 
are disk internal leakage and the seal leaves, 
especially the miter joints. 


■ACT 100 EXPERIMENTAL CONTROL SYSTEM 

The control system utilized for dynamometer 
testing of the ACT 100 engine (Figure 10) will 
allow manual open-loop coiitrol of gasifier 
speed, inlet guide vanes, burner variable geo- 
metry, and power transfer clutch. It will also 
allow adjustment of the turbine outlet temper- 
ature limit and manual control of Che timing 
of fuel flow transitions from the start nozzle 
to the main nozzle. Switches, lights, and me- 
ters are irn;luded in the control console to 
monitor the engine performance and to allow 
the control console operator to manipulate 
various engine conditions. Fuel flow is the 
only engine parameter that utilizes closed-loop 
control, where the amount of fuel flow is de- 
termined by the electronic control i nit (ECU) 
software program. 

. The ECU is a modification of an existing 
digital control unit. The software program 
was written using an in-house system that per- 
mits modifications to be made quickly and eas- 
ily. This characteristic was desired to pro- 
vide MaximuiB flexibility to the ACT 100 engine 
deve lopsMint program. 

All components of the system were individ- 
ually tested on various test rigs. The fuel 
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Figure 9. Regenerator rig results. 
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Figure 10. Control systea test plan. 
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system components were next collectively tested 
on a flow bench* A successful checkout of the 
overall fuel and electronic systems was then 
completed* Steady-state engine operating 
points were tested, using the test simulator* 
Both actual fuel flow to the engine as well as 
transient fuel flows when switching from start 
to main nozzle were checked* Both tests show 
excellent correlation between predicted and 
actual fuel system performance* 

THERMAL SHOCK TESTING OF CERAMIC TURBINE VANES 

The AGT 100 engine design employs ceramic 
vanes for both the gasifier and power turbines 
(18 and 20 vanes respectively). The vanes fit 
into airfoil-shaped pockets contained in each 
of two endwall surfaces and thus direct the 
hot gases into the radial inflow rotors* The 
vanes have constant cross-sectional shape. 

A test fixture shown in Figure ll was de- 
signed to evaluate vane response to rapid tem- 
perature changes* The fixture, which holds 
three vanes in cascade fashion, fit into an 
already existing facility capable of rapidly 
changing temperature. A 4-minute cycle was 
selected in which temperature varied between 
1200®F and 2000®F, the change occurring in ap- 
proximately one second* Each three-vane set 
underwent 10 temperature cycles* 

Eighteen gasifier and 21 power turbine 
vanes (all alpha SiC) were tested. All vanes 
survived the test without cracking or other 
damage and were approved for assembly into the 
first engine build. 



PRESSURE TEST OF CERAMIC REGEI^RATOR SEAL 
PLATFORM 

The largest structural ceramic part in the 
AGT 100 engine is the LAS regenerator seal 
platform* Twenty-one inches in diameter, this 
Coming-produced part also serves as an exhaust 
diffuser for the power turbine. LAS was se- 
lected as the material because of its low co- 
efficient of thermal expansion* This material 
is expected to remain chemically stable because 
of the low surface-to-volume ratio (versus a 
high ratio typical of LAS regenerator disks 
used in some previous turbine engines). 

A three-dimensional finite element model 
was used as a tool in designing the seal plat- 
form. This model produced the estimated de- 
flections indicated in Figure 12. 

To check the seal platfom prior to engine 
testing, a pressure test was conducted. As 
illustrated, a network of dial-indicator mea- 
surements were taken to define the actual de- 
flections while under pressure. The measured 
deflections agree very well with the analytical 
predictions. During early testing, the pare 
was covered with stress coat to identify areas 
of maximum stress. Strain gages were then at- 
tached at these areas during subsequent test- 
ing. The maximum measured tensile stress in 
Che seal platform was 2900 psi. 

ENGINE STRUCTURAL ASSEMBLY 

A pressure proof test of the cop.bustor 
onse, inner gear case, and intermediate gear 
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Figure ll. Ceramic vane chenaal shock testing. 
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figure 12. Ceramic regenerator seal pressure testing. 


case was conducted. Together with the regener- 
ator housing, these components form a pressure 
vessel chat is the base structural load carry- 
. ing path through the engine. Tlie regenerator 
housing vias pressure tested separately and 
therefore was not included in this test. The 
overall objective of the test was to subject 
the parts to the maximum pressure they would 
experience during engine operation. 

The tost setup is shown in Figure 1 1. 

The combustor nousing, inner gear case, and in- 
termediate gear case were bolted together with 
all of tile associated engine seals and gaskets 
to form .1 pressure- 1 i ght structure. The dial 
indicators measure the inner gear case bear- 
ing pocket djflection and slope and compressor 
shroud Jet iection. . 

A total of al strain gages was installed 
in high stress regions. Pressure was applied 
to the combustion case in stepped increments 
up to the maxitauia pressure of 70 psig. The 
maximum measured combustor housing stress was 
j4 ksi. This and other measured stresses were 
in good agreement with calculated values. 

The laaximuisi stress in the inner gear case 
was 2.9 ksi and was located on the compressor 
scroll. The maximum deflection in the inter- 
mediate gear case was 0.012 in. located at the 
output shaft bearing pocket. Differential de- 
flection between the inner gear case arvd the 
intermediate gear case at this saj^ location 
was 0.0072 in. at maxitai® test pressure. All 
shafts h)»v« sufficient end play to acc^xisaodate 


this reduction in clearance due to pressure 
loading. 

COMBUSTOR DEVELOPMENT 

The combustor for the BUI engine differed 
slightly in design from the prototype model 
previously tested. Following rig modification 
to accept the BOl combustor, 26 hr of burning 
time were accumulated on the combustion rig. 

PILOT NOiZLE — Bench testing of the pilot 
norxle investigated ignition and ccssbustion 
characteristics. A photograph of this test 
fixture showing the pilot nozzle in operation 
at 0.3 Ib/hr fuel flow is shown in Figure 14. 
The ignition limits were quite wide, and lean 
blowout was as low as 0.14 Ib/hr fuel flow. 
Schedules picked for the BUI engine were 1 
Ib/hr during light-off and 0.6 Ib/hr there- 
af ter . 

START NOZZLE — The centerbody start nozzle 
was tested to determine ignition characteris- 
tics and lean blowout limits at starting con- 
ditions. It was also tested over a range of 
inlet temperatures up to a burn*.- inlet tem- 
perature of 1000*F to simulate operation dur- 
ing the warm-up period. Improvements made 
during this testing resulted in satisfactory 
start nozzle characteristics. 

MAIN HOZZX£ — l^asured emissions and flaaae 
appearance during taain nozzle operation were 
very similar to previous tests with the proto- 
type combustor even though an appreciably dif- 
ferent fuel injection design was used. Tran- 
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Figure 13. Engine structural assembly pressure testing. 
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Combustor development. 





sition from the start to the main nozzle was 
accomplished manually on the rig without dif- 
ficulty at burner inlet temperatures from 
800“F to llOO'F. 

CERAMIC COMPONENTS — The combustor shown in 
Figure 14 has four ceramic components: the 
dome, the main body, the dilution band, and 
the pilot flame tube. After each day of test- 
ing, the combustor centerbody was removed and 
the interior surfaces visually inspected. No 


damage was observed through the first six days 
of testing. A dome crack on the seventh day 
may have been caused by problems with test 
equipment (preheater air leak and coolant 
leak). Another assembly was installed in the 
rig for additional proof testing. Nearly 4 hr 
of burning time were accumulated on this as- 
sembly, including the snap fuel transient op- 
eration. No damage was observed in any of 
these ceramic components after the rig testing. 



Ceramic Applications in Turbine Engines (GATE) 

S. R. Thr^thfir 

Detroit Oieset Alhsoo. 0<vtsior> ot Genera# Motors Corp 


The objective ol: the Ceramic Applications 
in Turbine Engines (CATE) program is to apply 
ceramic components in a highway vehicle gas 
turbine engine and reduce fuel consuraption by 
improving engine cycle efficiency due to oper" 
ation at bight temperatures. The Allison GT 
404-4 is the test eru?ine for this program. 

As originally planned, ceramics were to be 
applied incrementally at successively higher 
operating tempera curves, beginning with 1900®F, 
increasing to 2070“F and, finally, Co 2265*F. 
Evaluation of Che initial ceramic components 
at 1900®F has been successfully completed. 

The 2070*F configuration has been concur- 
rently designed, initial ceramic component 
process development and fabrication have been 
ccKttpleted, and an advanced process development 
experiment is nearirig completion. Rig and en- 
gine testing of the 2070®F-conf igurat ion cer- 
amic components have been conducted. 

Detroit Diesel Allison (DDA), Division oi 
General Motors Corpc*rat ion , has successfully 
engine tested the ceramic gasifier turbine 
nozzle and rotor assembly and the ceramic re- 
generator system to the maximum 2070*F-conf ig- 
uration operating conditions. 

CERAMICS FOR EfiGINES 

THE CATE PROGRAM was the first of Che three 
major DOE programs to develop structural cer- 
amic components with the objective of signifi- 
cantly improving the fuel consumption in gas 
turbine engines. One of the CATE Program 
goals was to evolve the proper ceramic compo- 
nent development approach chat would lead to 
application of ceramic components in a produc- 
tion engine, Che DM. GT 40A. Figure 1 is a 
representation of the CATE program developjzsent 
approach. The remainder of this paper pro- 
vides background for the program and discus- 
sion for the major disciplines shovm in Che 
chart. 


To successfully introduce structural cer- 
amics into the hostile gas turbine engine en- 
vironment, it is inadequate to ^ereiv raar,u:ac- 
ture components tor engine test, Because ot 
Che brittle nature of ceramics, additional 
effort is recjAiired on the part of an engine 
manufacturer when addressing the problem :>i 
designing with ceramics. The <ev the suc- 
cessful introduction af ceramics and the le- 
veloptaent approach taken in tiie CATE program 
is the establishment of a Level of underst<»nd- 
ing of ceramics comparable to that which live 
or six decades of experience with metals h.ve 
afforded industry. 

This understanding begins with tne ceramic 
material itself, the powders used, the process 
of generating co'mplex shapes with acceptat>le 
strength, the elimination of variabilif' 
Equality control), methods to nondest rue t ive I y 
inspect components, cost-effective Tiachining 
techniques, assessment of the -aateriais* 
thermal and chemical stability, and methoas of 
handling the brittle components without iama^e. 
The development >f a useful ceramic mater: iL 
IS iirectlv linked to the v»ngine that will use 
the material. 

The design of ceramic cotnponencs involves 
the analysis methods used; specifics such as 
the critical interface with metallic surfaces, 
accurate ceramic "naterial characterizat ion 
data, well-defined component -*nv: ronraent s, 
evaluation of the analysis results, and defin- 
ing spec if icac ions for the material and c oa^ 
ponents. Materials development and design ef- 
forts must proceed together and considerable 
coordination and iteration is xequired tor the 
successful manufacture of a coioponent that 
will satisfy design requi reiaent s. 

After completion v>f the design/materi ils 
developtaent phase c«oo^e9 the test evaluition. 
Kere the prov f-of-concept occurs. First, com- 
ponents are selected for engine testing bv be- 
ing subjected to realistic enviroewaents in 
rigs that provide the required maximum thermal 
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The in ri^s will 

a:t? the ilaveo components :rom those worthy ot 
►'n^ine evaluation. 

during the proof testing, an evaluation >f 
the nanufacturini; process and the design con- 
cept I -i >hcained. fhe final nrool'-of-concept 
and the .>nlv acceptable one» is engine test- 
ing >: the ce*amic c omponent s. The test phase 
"aust ilso undergo iterativ^ns with the design/ 
n.iteriais ieve I ->DmL*nt activities. These iter- 
icions refine al! ot the disciplines involved 
1 vi i.timateiv lead to i iseful product. 

■ H-Ahic .Myp'iSEsr j:l .V Lc?m£n: 

Jl)A nis ;nJer -oncract ro NA.S,-\ Lewis 

^esearcn '.' nter since .'ilv Id'p t > le-^ori s t ra t e 
i ?.pr 'vec : ,'C • e::iciea'~v 'f ceramic loraponents 
raising the -V’'t‘ating tecaperature of the ex- 
isting Alli.Sv>n r vehicular gas turbine 

engine. The program nas ^een funded hv the 
O 1 r t — e It ‘T :.ner<v . Ait 'taotive r**i.h- 

noiogy development Division, Jffxce .'t Trans- 
port at ion :*r'>graas. 

The >ri.ginal plan was to appiv ceramics 
i nc r«^ent a k i y at sacce ss i ve i y nighfr operating 
t e*aperatures, begtnnitig witn IdOO'f and in- 
creasing to TOTO^K and.' tinallv, to TT*>S'F. 
Evaluation 't tne initial ceramic c.x 2 ponents 
at 1900*F nas been successtuJlv c.xTipleted. 

This evaluation included initial ceramic 
mticerial process development, ceraraic material 
characteri jrat ion. ceramic component rig test- 
tag, engine test stand durability, and over- 
che-road dersaonstrat ton in a gas turbine pow- 
ered Crack. A second cerawic engine configur- 
ation, to bo operated at T070*F. nas h-cen con- 


- jrrentlv desir;nou. iniciai ceramic .* >rapoaent 
orocess development and :abricati>n have oeen 
completed, and an advanced process development 
"xperiment is nearing completion. Extensive 
rig testing ot the J070’'F-conf igurat ion cer- 
amic components has been conducted. 

'J.'JA has successtullv engine tested the 
ceramic gasifier turbine nozzle and rotor as- 
and the c-»ranuc regenerator system to 
tne maximum T>) "o ^ F-coni igurac i on operating 
c'nditions. FV '.^ST changes in work scope .le- 
leCed the TTh3 F elt.'irc, halted cevelopment of 
: p.e -■ 1 7 .)'*F-con t i gor it \ on r^'ramic cienum, and 
reJir'-ct'^d the rog.»ne rat .»r jctivitv t> labora- 
t 'TV seal'* cerat-a;: regener it >r . Te •'otenals 
"Vjli.ations. Figure _ sn-'ws tne ; *rr'*nt 

.he 'xc.isiv-* 't>i*;*ct;ve ,'t tn** c>ro“ 
iir.ivi "'.as r>et*n t .> leveiop .ind '‘ncine dernon- 
'tr ite tne ceramic j u:3p.>nent;' *. r fh*' T •' 
c on t i cur at ion . At '»jcn t eenno i og ica 1 step, 
-'•Tpna sis oa s o «• e ^ ^ ,»a ^ - j : j r i t» i 1 1 1 v > t j *• r ~ 
i'^nc c >nDon.-?ir •; •> igi.it- >perat- 

>upport : c.g : ne ine-or lent i iemonst r a- 
lon tre: ♦•xtensive .eramic component or 'cess 

Jevelopmont. cera.-aic oiaterial cna rac ter i aat ion, 
• N-aponenc nonde s t rue t i ve inspection, ind rig 
?ua 1 1 T icat iv^n testi.ng. The remaining activi- 
tor this ve.ir will emphasize cvipletion 
Jt tie -erami.; olade process iev.* .opraen. ex- 
Oe r i “aent . 

. ne Saseli:5<‘ engine h.»ing i>ea in this 
orogrami :s the Allison Industrial das 

TitPiie engine, wnich. in :s i^l-metal con- 
tiguration, operates at a turbine inlet tem- 
perature ‘TIT'* o: :33b'.*. It is i two-shait 
regenerative gas tarMne with a power transfer 
-.vste’s combining tne idvintiges 't single- and 
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Figure 2. CATE program schedule* 


two-shaft engines, and is shown in cutaway view 
in Figure 3. 

The l900®F-conf igurat ion ceramic components 
were the gasifier nozzle vanes, gasifier tur- 
bine tip shroud, and regenerator disks with 
associated seals* These ceramic components 
have been successfully demonstrated at 1900®F 
''[T, while the 2070®F-conf igurac ion ceramic 
components were designed utilizing the ceramic 
technology available to date. The gasifier 
nozzle support rings, vanes and turbine tip 
shroud, the gasifier turbine blades, and gasi- 
fier inlet plenum are ceramic to withstand the 
2070®F-gas stream temperatures. 

The sequential introduction of components 
and materials at successively more severe op- 
erating conditions is intended to utilize each 
material fully while permitting parallel de- 
velopment of the design methodology and fabri- 
cation processes peculiar to high-strength 
structural ceramic materials technology. 

l900“F-E^^GINE CONFIGURATION 

Engine durability testing of the 1900®F- 
conf igurac ion ceramic components has been coea- 
pleted, and the results are shown in Figure 
4. The three ceramic components comprising 
the configuration were thoroughly rig quali- 
fied, and subsequent engine testing detfton- 
sCrated the viability of the application of 
ceramic hardware in gas turbine engines. A 
total of 7,475 engine test hours was accumu- 
lated, which represents over 370,000 simulated 
vehicle milesi Although most of this test ex- 
perience was on a test stand operating to a 
transient cycle representing a composite truck 
duty cycle, the cerauic gasifier turbine vanes 
and regenerator system were deisonstrated in 
two truck installations featuring actual ve- 
hicle operation over highways, streets, and on 


specially designed truck durability courses at 
the General Motors proving grounds. Through- 
out this testing, the ceramic part durability 
was excellent, underscoring the ability of 
ceramic materials to survive the violent en- 
vironment of a vehicular gas turbine engine. 

The reaction-bonded silicon carbide gasi- 
fier nozzle vanes were the primary components 
used for laaterial process development for the 
1900®F-conf iguration, and that processing was 
directly applied to the 2070®F-conf iguration, 
accommodating only geometrical differences. 

The results of these efforts and the initial 
development of test rigs and procedures estab- 
lished guidelines for later application to 
ceramic components. 

The gasifier turbine tip shroud ring pro- 
vided an early evaluation of the design con- 
cepts for ceramic rings for the 20 70®F-conf ig- 
uration. The ring* s structural requirements 
are moderate, but the abradable turbine tip 
shroud work that was applied to this component 
has resulted in promising materials and con- 
cepts nmed at addressing the problem of cer- 
amic blade tips on ceramic rubbing surfaces. 

The regenerator disks for the l900*F-c on- 
figuration were of two types: thick wall 

(0. 0045-in* thick) and thin wall (0. 0035-in. 
thick) alumina silicate — both rated at 1000®C 
(ld32*F) taaKimura temperature. The aerodvnaraic 
perfonnance of these disks has been excellent 
throughout the prograa* In addition to the 
engine durability testing, laboratory testing 
has concentrated on establishing those feat- 
ures of the disk that limit the strength and 
life characteristics. Development work con- 
tinues on this fwily of compositions to pro- 
vide a material suitable for the high-terapera- 
ture engine configurations. 

The total experience of these three ini- 
tial ceramic components has demonstrated the 
structural and chemical stability of the cer- 
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Figure 3. Ceramic coe:^>onents installed in GT -»04/503~4 engine. 
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amic material CcandidaCes in an engine environ- 
ment • 

2070*F-£NG1NE oaNFIGURATION 

The 2070°F-engine configuration design 
features a totally ceramic gasifier turbine 
and regenerator system, which is required for 
increasing the TIT. The turbine flow path is 
comprised of 78 ceramic parts, including the 
28 gasifier turbine nozzle vanes and the 40 
gasifier turbine blades. All of the ceramic 
components have been fabricated by at least 
two, and in some cases as many as four, cer- 
amic suppliers, thus permitting the assessment 
of the candidate materials available and the 
potential component fabrication techniques 
that have been developed within the ceramics 
industry. With the exceptions of the gasifier 
plenum and the turbine tip shroud, all of the 
parts have been made with both silicon carbide 
and silicon nitride. Figure 5 shows a cross 
section of the hot section. 

In addition to the ceramic gasifier tur- 
bine, two noncerareic engine design features 
are required to permit operation of the 
2070‘*F-conf igurat ion: (1) the relocation of 
the temperature sensor for the fuel control 
system frora the gasifier turbine inlet to the 
power turbine exhaust to keep temperatures 
within the limits of cc^nmerc lal ly available 
thertaocouples, and (2) change in the engine 
block cooling. The resulting control uses 
microprocessor technology replacing the analog 
controls of the baseline engine. 

TTie design goal for the ceramic parts was 
based on a probability of survival consistent 
with failure modes and effects analyses and on 
corapeticive warranty costs in a cotamercial 
truck application. The ceramic design metho- 
dology and material characterization, although 
changing with our understanding of the 2070^F- 
test experiences, were developed during the 
initial phase of the program and were applied 
luring Che design phase of the 2070*F-conf ig- 
urat ion. The test results correlate with and 
give credibility to the ceramic design metho- 
dology and material characterizat ion. 


The gasifier nozzle assembly is designed 
to isolate the vanes from all mechanical load- 
ing by capturing them in slots through the in- 
ner and outer ceramic vane support rings. The 
ceramic rings are held in place by a metal 
strut and support assembly, which is shielded 
from the hoi: gas path by the ceramic strut 
shells. The inner and outer vane support 
rings and Che gasifier turbine tip shroud ring 
are similar in design to the l900®F-conf igura- 
tion tip shroud. The ceramic gasifier tip 
shroud has an abradable layer requirement for 
compatibility with ceramic blades. Forty in- 
dividual ceramic blades are attached to a metal 
turbine disk by a single dovetail. Around the 
dovetail shape on each blade is a 0.007-in. 
thick compliant layer of L605. The ceramic 
dovetail of the blade is coated with boron ni- 
tride Co serve as a solid film lubricant and 
diffusion barrier. 

The 2070*F-eng ine configuration has com- 
pleted extensive rig testing, and the rotor 
and nozzle assemblies have been successfully 
subjected Co engine testing at 2070®F-opcrat- 
ing conditions. The ceramic component design 
technology developed during the CATE program 
is supported by the ceramic component test re- 
sults and i» being applied in other programs, 
such as the AGT 100. 

CKKAMIO COMPONENT ENGINE TEST EXPERIENCE 

The experience of running ceramic compo- 
nents in en^jines has established che teasibil- 
icy of common use of structural ceramic compo- 
nents. The incremental application of ceramic 
components with a corresponding increase in 
engine operating temperature has provided a 
sound technology base for the follow-cn cer- 
amic configurations. The first step was the 
introduction of the 1900*F-conf igurat ion cer- 
amic co«nponenCs, which included ceramic gasi- 
fier turbine vanes, gasifier turbine tip 
shroud, and regenerator system. After rig 
running of the ceramic regenerator svstem and 
nozzle vanes, engine JetaonsC rat ions were con- 
ducted. Included in the engine test hours 
shown in Figure o for the l^OO^F-conf igurat i >n 
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Ceramic components oi the 2070'*F CATE coni igurat ion. 
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Figure 6. Ceramic 

are two vehicle demonstrations with Che ceram- 
ic components. The engine was installed in a 
truck that was subjected to severe duty cycle 
and operational testing, and the ceramic com- 
ponents withstood the severe vibrational and 
thermal shock loading without damage. 

The second step in Che incremental appli- 
cation of ceramic components is Che 2070*F- 
conf iguration, which features a ceramic vane 
assembly (instead of ceramic vanes in a metal 
assembly), ceramic gasifier turbine blades and 
tip shroud, and an uprated ceramic regenerator 
system. Extensive rig testing of all the 
2070*F-ceraraic components has been conducted, 
qualifying parts for the engine testing shown 
in Figure h. The 2070*F-conf igurat ion is the 
first introduction of a rotating ceramic com- 
ponent in the CATE program. The complete cer- 
ataic gasifier section, including all norzle 
c>»aponents and the ceramic blades, has Oeen 
simultaneously engine demonstrated at 2070^K- 
ooerat log cond it ions. 

The total experience of these ceramic com- 
ponents has serv*'d to bolster the promise of 
jeramics as a viable material for a gas tur- 
bine engine. 

•k.Ax: : 

Analytical and experimental test results 
.'•n ceramic blades nave identified the need to 
improve the overall strength of the blade, 
which will also improve reliability. The ap- 
parent weakness in the blade stalk and the 
yield from the initial D'^ocess development 
definition signaled the need for second gener- 
ation process development activity. The ob- 
jective of such process developtnent is to pro- 
vide a better understanding of the influence 
processing variables have on strength, as well 
as to define the control necessary to reduce 
variability for each phase of the processing. 

A blade matrix process development experiment 
was initiated by DOA and Carborundum Co. (CBO) 
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to satisfy this objective and is nearing com- 
pletion (see Figure 7). 

The matrix experiment is a two-level fac- 
torial experiment featuring 13 processing var- 
iables, which involve compounding, molding, 
sintering, machining, and heat treatment. 
Thirty-two combinations of the 13 variables 
have been used to produce 4800 blade/bar pairs. 
The experiment is designed to isolate the most 
influential variables that will ultimately be 
chosen to raaximire blade strength and process- 
ing yield. 

These parts have been inspected at each 
processing step by CBO and have been complete- 
ly characterized by DDA. Laboratory charac- 
terization of these parts has provided infor- 
mation on defects, modulus of rupture CMOR) 
strengths (from both blades and comparison 
bars), process yield data, ccxuponent micro- 
structure, densities, and heat treatment. The 
laboratory evaluations employed several evolv- 
ing nondestructive evaluation (NDE) techniques 
such as C-Scan, sonic velocity, and photoa- 
coustic spectroscopy. Nine of the 32 experi- 
ments have been selected for spin testing. 

The laboratory characteriaat ion will com- 
bined with spin test results in the final lata 
evaluation and correlation. 

A computerized data evaluation .s designed 
to provide Ci>mplete characterizat ion of each 
yt the steps in the manafacturing process and 
correlation with both NDE results and end pro- 
duct performance. The final result will i 
better understanding of the processing vari- 
ables* sensitivities and a definition )t the 
control necessary for each phase of :he .riti- 
cal ceramic processing. 

ISSTKll^EKTED NOiZLt ASSEJ<BLY 

The design analysis jsed for the .eramic 
nozzle component* recognizes that control yx 
rhermaT gradients is essential to ensure sur- 
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Figure 7. Ceramic blade sCat:us* 


vivability of the ceramic parts. A more thor- 
ough understanding of the environment sur- 
rounding the 2070*F-conf igurat ion nozzle as- 
sembly is needed to allow better definition of 
these gradients. To this end, an instrumented 
all-metal nozzle assembly has been introduced 
into Che thermal shock rig and engine test 
programs to obtain further information. The 
locations of Che thermocouples and static 
pressure instrumentation designed to investi- 
gate Che nozzle enviroreaent are shovin in Fig- 
ure 8. This instrumentation is designed to 
provide the following: 

o Verification of primary and secondary flow 
path environment. 

o Data for determination of local neat trans- 
fer coefficients tor the ceramic rings. 

a Information regarding the effects of liq- 
uid and vaporized fuel during starts, ac- 
celerations, decelerations, and shutdowns. 
These data were obtained for both rig and 
engine environments, and the resulting modifi- 
cations were re-evaluated in the engine, which 
confimed the anticipated corrections. The 
<nowledgo gained from this testing is as fol- 
I ows : 

> Seconds V cooling air flowing over the 
outer ceramic rings caused excessive ra- 
dial teta(>>erature gradients in the rings. 

o Highe.' than anticipated local heat trans- 
• ter coefficients exist around the outer 
ceramic rings. 

> Leakage v>f cooling air under the inner 
ceramic ting caused excessive radial 
teaperature gradients in the ring. 

j Jio adverse effects fro« fuel or circuiftfer^ 
enCial temperature gradients were identi- 
fied. 


The following modifications were incorpor- 
ated and tested in the engine with the instru- 
mented nozzle: 

o The secondary cooling air was redirected 
to eliminate contact with ceramic compo- 
nents. 

o Leakage under the inner ring was eliminat- 
ed with the addition of seals. 

In addition to modifying hardware, design 
analysis inputs were updated to include the 
higher heat transfer coefficients and measured 
enviroc^ntal conditions. This update result- 
ed in analytical predictions of the previous 
failures encountered in the shock rig testing, 
plus predictions of success with the modified 
hardware, which was demonstrated with subse- 
quent successful rig proof tests to 2070*F- 
conditions.. 

The utilization of the instrumented nozzle 
assembly p^srmitted the necessary understanding 
of Che environment and allowed proper modifi- 
cations to be incorporated, which provided rig 
qualified nozzle components for the engine test 
program. Equally important was the confi^tta- 
£ ion of Che design methodology used \n the CnTK 
program. Without good correlation between an- 
alytical predictions and test results, the de- 
sign Bsethodology and its resulting predictions 
would be questionable. 

ENGINE TEST OF :070*F-COKFIOURATION 

The ceramic gasifier nozzle components that 
qualified in Che thermal shock rig proof test- 
ing At 2070*F, and the ceranic gasifier turbine 
blades that quilified in the spin test program 
have been assembled into an engine. This as- 
sembly. shown in Figure represents the com- 
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Figure 8. Thermal shock rig and engine testing- 
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Figure ^OlO'F engine configuration. 


plete 2070°F-conf igurat ion, excluding Che cer- 
anic plenuisi, which has been eliainated froa 
the project due to funding limitations. Also 
icacluded in the engine were the 2070*F-conf ig- 
uration ceramic regenerator disks and seal 
system. 


The ceramic nozzle coapooents were reac- 
t ioa-booded silicon carbide with the exception 
of seven vanes and the outer vane support ring, 
which were sintered alpea silicon carbide, all 
supplied by CBO. The vane retaining ricg and 
three of the strut shells were Refel silicon 
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carbide supplied by Pure Carbon Co* The re- 
aaining strut shell was slip cast alpha sili- 
con carbide by CBO. 

All 40 ceramic turbine blades were sin- 
tered alpha silicon carbide supplied by CBO. 
The alumina silicate regenerator disks were 
supplied by Corning Glass Works. The testing 
conducted was a two-phase program* The first 
phase was Che swiccessful demonstration of the 
2070*F-conf igurat ion at maximum rated operat- 
ing conditions, 36,905 rpm and 2070®F rotor 
inlet temperature (RIT). 

This is equivalent to 2106*F burner outlet 
temperature (BOT), which is cooled to 2070*F 
by secondary cooling air that enters the flow 
path ahead of the turbine rotor. During this 
first phase, two cold engine starts were made, 
arti* operation over the speed range from idle 
to 100% speed was accomplished while data were 
obtained. At the rated 2070°F RIT operating 
condition, the ceramic bladed gasifier turbine 
produced 342 hp- Post test inspection with a 
borescope revealed that all the ceramic compo- 
nents were in excellent condition* 

The second phase of the test program was 
durability oriented. The objective was to ac- 
cumulate approximately 50 hr operation at 
2070“F RIT and 100% speed. Two cold engine 
starts were completed during this phase, but a 
failure occurred at 35,800 rpm (97% speed) 
during an acceleration. The failure resulted 
in extensive damage to the ceramic components. 
Approximately one-half of the ceramic nozzle 
assembly was severely damaged, and all 40 cer- 
amic blades experienced loss of the airfoil 
with no failure?, of the blade attaclvoent. Sub- 
sequent failure analysis identified two poten- 
tial failure modes: (1) blade airfoil failure 

caused by a di<; lodged piece of ceramic Fiber- 
frax insulation used in the engine or (2) 
failure of the outer vane support due to vi- 
bration. Both of these modes are supported by 
ceramic blade spin test results, which is the 
topic for Che next chart. Corrections have 
been incorporated for the next engine test to 
prevent reoccurrence of these failure modes. 

SPIN TEST INVESTIGATION— CERAMIC BLADE IMPACT, 
D^VIAOE 

As part of the engine ceramic bladed rotor 
failure investigation, a spin test program was 
conducted to evaluate the possibility of blade 
airfoil failure* resulting from impact with ob- 
jects originat:ing in the engine upstream of 
the rotor (see Figure 10). Two potential 
failure modes were ident if ied during the en- 
gine failure investigation. The first in- 
volved several pieces of QK>ldable Fiberfrax 
insulation used to insulate the engine block. 
These pieces w«»re missing following the test, 
and small particles of the insulation were 
found imbedded in Che combustion liner walls. 
This insulation is a very hard, brittle mater- 
ial and may ha^re dislodged, passed through the 
combustor and nozzle, and finally impacted the 
rotor. 


The second potential failure mode involves 
the ceramic nozzle outer vane support ring. 
Assuming a vibration induced failure of that 
ring, a segment might pass downstream and im- 
pact Che turbine rotor* Each of these materi- 
als was dropped on a alpha silicon carbide 
blade in Che spin test facility spinning at 
35,800 rpm (engine speed when failure oc- 
curred). Figure 10 shows the objects dropped 
and the resulting blade airfoil failures* 

These failures are identical to those encoun- 
tered on the engine test rotor* 

These results substantiate the potential 
failure modes and have precipitated two design 
changes. The engine block insulation has been 
changed to a soft fiber-type insulation in a 
blanket form* The second design change in- 
volves Che configuration of the ceramic outer 
vane support ring. The ring tested in the en- 
gine featured a slotted Leading edge intended 
Co reduce stresses. Recent analysis, based on 
the instrumented nozzle data previously dis- 
cussed, indicates these slots can be eliminat- 
ed with little or no stress penalty- There- 
fore, the next test configuration will feature 
a reaction bonded silicon carbide unslotted 
outer vane support ring. 

REGENERATOR MATRIX MATERIAL TESTING 

A rapid, low-cost, experimental technique 
that duplicates the effect of engine accel and 
decel cycles on matrix strength and life has 
been developed for testing regenerator disk 
matrices. Engine accel temperature peaks are 
the primary determinants of regenerator disk 
life. Engine-exposed disks develop a loss in 
hot face strength roughly proportional to ex- 
posure time. Examination of the data showed 
that loss in strength could have been from 
either seal contact mass transfer or the 
accel/decel cycle. 

These two variables were separated in a 
laboratory test. The test facility features 
an inscrumented test section for a l.S x J.5 x 
' in. jore sample tnac is cut from a Jisk. as 
shown in Figure 1 1, and a natural gas burner 
with a eye 1 ic-cont rol led , time-dependent, 
CfX)ling-air supply to establish the test 
cvcle. The t irae/teiaperature accel ramp, 
c VC lie peak temperature, and decel ramp can be 
aj)usted to match engine regenerator inlet 
c VC lie conditions. Laboratory and engine 
testing has clearly established this cyclic 
thermal exposure as more damaging than 
steady-state oper.itions. 

The engine cycle selected for simulation 
in the laboratory test was full-power accel 
from stabilized idle (corresponding to about 
1000*F-1050"F) to the selected cycle peak gas 
temperature, followed by immediate iecel to 
idle. The tests have been conducted on the 
1 100*C (2012*F) a luoina-s i I icate matrix at 
three peak temperature levels: 19>0*F, 2050*F, 
and .II50*F iwhich includes the maximum temper- 
ature anticipated for the 2265*F-conf igura- 
tion). Following these rig cyclic chensal ex- 
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figure 10. Ceramic blade impact damage tests. 


posure tests, the matrix core sample «as cut 
iato test bars for taiigential MOR testing. 

The HOR data in figure 1 1 illustrate the 
effect of increasing peak temperature on disk 
life. The duty cycle represented involved a 
70,000-Ib gw truck, which makes 3.5 acceler- 
ations from idle to max power every hr. Auto- 
motive aipplicat ions will Increase the number 
of accel/hr to approximately 30, which will 
expose the regenerator to the peak tempera- 
tures at a much faster rate, thereby signifi- 
cantly reducing the useful life of r*-< egen- 
erator disk. The data shovn indicate that for 
a peak temperature of 2150*F, the current re- 
generator disk isacris under the truck duty 
cycle will degrade to the miniensa acceptable 
strength level in about 1800 hr. For an auto- 


motive cycle, this degradation would occur in 
just over 300 hr. 

The cyclic thermal exposure resting will 
continue to accumulate data at the 2150°? peak 
temperature. Additional testing at 2250°F peak 
temperature has been initiated to further de- 
fine the capability and limits of the llOO^C 
isatrix material. The data presented do not 
take into account the effect of road salts on 
matrix strength or that of stresses caused by 
mechanical drive system and aerodynamic loads. 

The results of this work clearly establish 
the need for a legenerator matrix material with 
a temperature capability above Che present 
llOO'C material. Though the 1100*C alumina- 
silicate is quite acceptable for engines with 
peak regenerator inlet CeeperaCuxes below 
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Figure 11. Regenerator material testing* 


2050®F, and also permits engine development 
testing at peak inlet temperatures up to 
2150®F, the life will be unacceptable above 
■^150'*F, 

CONCLUSIONS AND RECOMMENDATIONS 

The CATE program will be concluded at the 
end of calendar year 1982. CATE was Che first 
of three DOE ceramic programs and has lead the 

1. PROGRAMS SHOULD DEVELOP CERAMIC 
COMPONENTS FOR ENGINES 

© TRANSITION FROM OPTIMIZED TEST BAR PROPERTIES TO 
USEFUL COMPONENTS NOT VET POSSIBLE 
© ENGINE ENVIRONMENT DICTATES REQUIRED CERAMIC 
MATERIAL PROPERTIES. 

Q CERAMIC MATERIAL DEVELOPMENT MUST BE BASED ON 
ENG»M!: DEFINEO REQUIREMENTS 

2. CERAPrfifC COAtPONFNT DEP^ONSTHATION 
REQUIREMENTS 

© PROOP TEST RIGS ARE REOUIREO TO ELIMINATE FLAWED 
COMPONENTS 

« TEST RIGS MUST APPROKlMlATE ENGINE ENVIRONMENT 
© TEST RilG 6NVIROM64EWY MUST BE COMPLETELY 

DEFINED AND L^iOERSTOOO TO CONDUCT SUCCESSFUL 
OEVELC^PMENT TESTING. 

© PROOF TEST FUGS WHICH COMPLETELY DUPLICATE 
ENGINE ENVIRONMENT CAN BECCHAE VERY EXPENSIVE 
e COST EFFECTIVENESS OF COMIHEX RIGS VERSUS 
ENGINE TESTING MUST BE STUSNEO. 

O ENGINE TESTING IS THE ONLY DEMONSTRATOR OF 
CERAMIC COMPONENT ACCEPTABILITY 


way for development of ceramic materials and 
component technologies* Although funding con- 
straints reduced the work scope of the original 
project, tha CATE program still enjoyed great 
success. 

It is appropriate now to reflect on the 
accompl islsaents of the program, to draw con- 
clusions, and to make recommendations that 
will enhance the remaining DOE programs and 
future ceramic development efforts. Figure 12 


3. MANUFACTURIPIG PROCESSES AND NDE 
TECHNIQUES REQUIRE IMPROVER^ENTS 

e MANUFACTURING PROCESS DEVELOPMENT PROBLEMS 
1} EXCESSIVE VARIABILITY POOR REPEAT ABIUTy 
2) INCREASED UNDERSTANDING OF VARIABLES 
31 INCREASED NDE CAPAOItITY 
« AVAIUVBLE TECHNIQUES iNONOeSTRuCTlVE 
EVALUATIONI 

11 small flaw DETECTION REQUIRcS ADDITIONAL 
DEVELOPMENT 

2; ADVANCED NOE TECHNIQUES MUST BE READIED 
FOR PRODUCTION USE (QUICK AND EASY) 


4 BUSINESS COHSJOEAATIONS- CERAMIC 
COMPONENT DEVELOPMENT 
© POTENTIAL PAYOFFS MUST BE EVIDENT TO CERAMIC 
SUPPUERS AND ENGINE BUILDERS TO JUSTIFY 

)| COST SHARE OF GOVERNMENT PROJECTS 
2) CORPORATE INVESTMENT m MANPOWER AND 
EQUIPMENT 

© RETENTION OF PATENT RIGHTS IS A MAJOR CONCERN- 
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Figure 12* CATE program: conclusiona acid recomsaendations* 
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presents these conclusions and recommendations* 
which are amplified by the following discus- 
sions* 

I. Ceramic components, specifically de- 
signed fv>r an engine with precise material 
properties required for Chat engine, provide 
the means to develop and demonstrate useful 
technology. Material for structural applica- 
tions cannot be successfully developed using 
onlv test bars; high-strength test bars alone 
cannot demonstrate cost-effective produc ibi 1 ity 
or structural integrity in an engine. 

The goal for all ceramic component testing 
should be to demonstrate ceramics in an engine 
operating to its duty cycle. To conduct cost - 
e f f ec t iv e engine testing, ceramic components 
must be selected for use that have an accept- 
able probability of survival. Available in- 
spection techniques are inadequate, so proof 
testing in rigs is required to eliminate the 
unacceptable components. Rig testing also 
provides a means to learn from failures. Be- 
cause the evidence is not destroyed, it can be 
used to advance the understand ing of brittle 
material failure mechanisms and to develop de- 
sign methodology and notidestruct ive (NDE) in- 
spect ion technique s . 

2. Rigs must have completely defined and 
understood environments, and they must approK- 
;nate :he engine to :he extent that appropriate 
thermal stress is lev^loped in the test parts. 


However, rigs chat completely duplicate eogioe 
environments can be extremely complex and ex*- 
pensive, and are not cost effective when coor- 
pared with engine test cost. A properly de- 
signed rig is critical Co successful ceramic 
component development, but it cannot be con- 
sidered as Che ultimate demonstration of ac- 
ceptability. Only successful engine testing 
to the appropriate duty cycle can be consid- 
ered a demonstration of ceramic component ac- 
cepl'abi I ity . 

3. The successful development of NDE 
techniques and manufacturing processes can 
only be accomplished on ceramic components 
that can be engine tested and should be a sig- 
nificant part of a ceramic program. The CATE 
program has clearly demonstrated the require- 
ments for reducing variability in manufactur- 
ing processes and for developing NDE tech- 
niques that discover very small flaws in a 
cost-ef feet ive way. 

4. Ceramic suppliers and engine manufac- 
turers must continue their multimillion dollar 
effort in labor, facilities, and cost sharing 
if viable competitive structural ceramics are 
to be developed. And the Government should 
continue to be a partner in this effort. Fur- 
thermore, these suppliers have a right to ex- 
pect a fair return on investment and a protec- 
t ion of patent rights that may have commercial 
use . 
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ABSTRACT 



Ceramic component activity under CATE and 
ACT 100 programs has tocused on the development 
of material strength characteristics in full- 
scale hardware. Emphasis has been directed 
toward net-shape processing of silicon carbide 
components (most notably blades and rotors). 
Selected components have also been produced 
from a variety of silicon-based and zirconia 
materials. 

State-of-the-art processing and strength 
characteristics have been realized in the 
2070°F-conf igurat ion CATE turbine blades. To 
further improve these properties, a develop- 
ment study is currently being conducted with 
Carborundum (CBO). In addition, processing 
methodology for structurally sound ACT 100 
gasifier rocoi's has been established. Full- 
scale rotors can now be produced with cold- 
spin capability consistently greater than lOOZ 
design speed. Additional studies are currently 
in progress. Extensive development activities 
focusing on applicable fixturing and joining 
technology required for the complex ACT 100 
gasifier Svroll assembly are also proceeding. 

2070“F-CONFIGURATION CERAMIC BLADE DEVELOPMENT 

THE CERAMIC ROTOR BLADE was identified as the 
most critical structural component in the CATE 
turbine flow path and has, therefore, been the 
subject of extensive development activities. 
During 1979- 1980, Che first process develop- 
ment program addressing the fabrication of in- 
jection-molded 2070*F-conf iguration blades from 
alpha silicon carbide was conducted at CBO. 

The focus of this early activity was to estab-^ 
lish injection molding paratr»eters conducive to 
the highest yields of defect-free blades. Upon 
comfiletion of the program in late 1980, a com- 
plete process routing was established for fab- 
rication of blades. Subsequently, a large 
**pro‘^w:tion** run of 641 blades was undertaken 
to quantitatively assess blade fabrication 
capability. Process yield, structural/dimen- 


sional quality, and strength characteristics 
were evaluated. Figure I suasnarizes the re- 
sults of this endeavor. 

The total process yield of fully machined 
blades meeting both structural (NDE) and di- 
mensional requirements was 28%. This was 
thought to be an acceptable level for this 
stage of Che process development. 

Initially, qualification test material 
molded simultaneously with each blade was 
evaluated to assess indirectly blade strength 
characteristics. Various surface finish con- 
ditions pertinent to the finished blades 
(longitudinally ground, as-fired, and trans- 
versely ground) were examined. Both the as- 
fired and transversely ground materials were 
oxidized for 24 hr in air at 2282**F. (Note: 
Previous experience has shown that such a 
treatment will restore strengths to a level 
ciXQparable to that of the longitudinally 
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MATERIAL STRENGTH 
CHARACTERISTICS 

LONGmJDINALLY GROUND : 60.75 KSI 
AS-FIRED/OXIDJZED : 57.52 KSI 

TRANSVERSELY 

GROUNO/OXIDiZED : 57.38 KSI 

TE82-6)10 

Figure 1. Carborundun SASIC blaae 
characterise ics. 
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ground surface condition.) The average frac- 
ture strength for the longitudinally ground 
surface measured 60. 7S ksi, with an associated 
Weibull modulus of 7.1. The average strengths 
for the oxidized as-fired and transversely 
ground surface conditions measured 37.52 ksi 
and 37.38 ksi, respectively. Spherical pores 
were observed as the primary strength-control- 
ling defects, with occasional failures origi- 
nating from surface flaws and large crystals. 
These strength characteristics are consistent 
with Che state of Che art for injection-molded 
silicon carbide in test bar form. 

Overspeed spin testing was us?.d to estab- 
lish directly blade strength charicteristics. 
Testing was conducted in a single slotted 
wheel using uniform thickness (+ 0.0001 in.) 
L605 compliant layers. All blades were oxi- 
dized for 26 hr at 2282"F. The results of 
these tests along with those for blade proof 
testing are plotted in Figure 2. The straight 
line represents the predicted blade performance 
generated from the material strength determin- 
ations mentioned above. The correlation be- 
tween predicted performance and actual perfor- 
mance is excellent. The types of defects that 
precipitate failure in the blades were identi- 
cal to those observed in the companion test 
material. These results indicate that the 
companion test material is representative of 
the material in the components and that pres- 
ent-day material characteristics are being 
achieved in actual blades. 


CERAMIC BLADE PROCESSING MATRIX 

Because of the needs to increase the 
strength characteristics and improve process- 
ing yields in the 2070°F-conf iguration CATE 
blades, a second-generation process develop- 
ment study is currently underway. This effort 
is a two-level factorial study featuring 13 
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Figure 2. Blade spin tes results. 


separate processing variables iavolving com- 
pounding, molding, sintering, machining, and 
heat treatment. Thirty-ttra separate process- 
ing schedules are used. The processing vari- 
ables addressed in this experiment are chose 
thought to be associated with the strength- 
controlling defects typically observed in the 
blades evaluated to date: spherical pores, 

large crystals, and machining flaws. Consid- 
eration was also given to variables pertaining 
to microstructure, particularly near the sur- 
face of the stalk. 

Figure 3 illustrates the characterization 
procedures to be performed in the evaluation 
of each separate blade recipe. The shaded 
areas represent operations currently in prog- 
ress. All other operations have been complet- 
ed. All 4800 blade/bar pairs have been made 
at CBO, with inspections after each processing 
step. Laboratory characterization of these 
parts is completed, including microstructural 
evaluations, MOR strengths obtained from both 
blades and companion bars, and characteri- 
zations (ultrasonic C-scan, ultrasonic velo- 
city, and photoacoustic spectroscopy). 

Nine of the thirty-two recipes have been 
selected for spin testing and are currently 
undergoing final machining. Correlation of 
these spin test results with laboratory data 
will then be made to define the sensitivities 
of the processing variables and to provide in- 
formation pertaining to the processing control 
necessary for the fabrication of consistent, 
high-quality, high-strength blades. In addi- 
tion, recommendations for further fine tuning 
of the process will be made. 

Blade strength characteristics are to be 
evaluated using both companion test bars and 
miniature test bars cut from the blades. In 
addition, a sample of 10 blades from selected 
processing recipes will be subjected to an 
overspeed to failure spin test to further de- 
termine blade performance. A summiary of the 
type of strength data generated in this pro- 
cessing study for one of the 32 individual re- 
cipes follows. 

The companion test bars were molded simul- 
taneously with the blades following an identi- 
cal processing schedule. Three miniature test 
bars, measuring 1/16 in. x 1/8 in. x 1 in. , 
were ultra sonic ally me ‘■ined from the atcach- 
ment/stalk region of of 12 blades. Both 

sets of material were urepared with three 
types of surface finish: longitudinally 

ground, as-fired/oxidized, and transversely 
ground/oxidized. These surface condi- 
tions were selected to be representative of 
those surfaces present in the finish machined 
blades. 

The average room temperature MOR of the 
as-fired/ oxidized companion test material 
measured 70.41 ksi. This compares well with 
the strength of similar material cut from the 
blades of 95.03 ksi, when appropriate Correc- 
tions for specimen size and loading factor in 
the Weibull statistical model are taken into 
account. Identical strength-controlling 
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f laws“~surface and internal pores--were ob- 
served in both sets of raaterial. 

However, the strengths of both the longi- 
tudinally ground and transversely ground/oxi- 
dized aaterial.'S cut from the blades were sig- 
nificantly lower than anticipated from corres- 
ponding companion test material, although sim- 
ilar types of strength-controlling flaws were 
identified. This would seem to indicate that 
the frequency of defects found in the interior 
of the blades fabricated from this processing 
recipe is greater than that observed in the 
companion test material. 

SILICON Nir^UOiS BL\DE DEVELOPMENT 

In 1950 a development program with GTE 
Laboratories was initiated to establish pro- 
cessing parameters for the fabrication of in- 
ject ion-mo Ided 2070^ F-c on f iguraC ion turbine 
blades troa sintered silicon nitride contain- 
ing 6 % Y 7 O 3 and 21 AI 2 O 3 . The primary objec- 
tive of this program was to produce thv. highest 
yield of defect-free blades that would meet 
limensional requirements. This effort focused 
on the injection molding segment of the blade 
processing sequence, with particular emphasis 
placed on the mixing, molding, and binder re- 
moval steps. 

Upon cc«apl'Stion of the development study, 
a detailed pro<:ess routing (designated AY6-404) 
was established, and 32 blades were fabricated 
for laboracorv and spin test evaluation. The 


10 best blades were finish-machined and sub- 
jected to a room temperature overspeed to 
failure spin test to characterize actual com- 
ponent performance. The results of this test- 
ing are shown in Figure A. The average fail- 
ure speed measured 48,730 rpm, equivalent to 
132X of design speed. The primary strength- 
controlling defects observed in these blades 
were shell-type surface flaws, which are not 
typical of Che failure origins generally found 
in this material. These flaws were identified 
as the result of an abrasive cleaning operation 
performed on Che blades after sintering. 

To further evaluate actual blade strength 
characteristics, test bars measuring 1/8 in. x 
1/16 in. X I in. were machined from the remain- 
ing dovetails of Che failed blades. Three- 
point MOR testing of bars cut from the base of 
Che dovetail, where the surface condition was 
identical Co that for the most highly stressed 
region of the dovetail, revealed an average 
fracture strength of 99. 70 k,si. Thus, while 
spin test performance to date is considered 
excellent, further improvement is expected. 

Additional test bars v?ere cut from the 
midsection (interior) of the dovetail. These 
bars were tested with a longitudinally ground 
surface condition, at\d an average strength of 
70.35 ksi was measured. Surface low-density 
regions and pores were identified as the pri- 
mary strength-controlling flaws* The signifi- 
cant decrease in strength noted in the interior 
of the blades compared with that obtained from 
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the surface indicated that additional develop- 
ment activities were required to enhance blade 
uniformity. 

To address the difficulties encountered 
with internal low-density regions previously 
observed in first-generation injection-molded 
silicon nitride blades, additional process de- 
velopment studies were conducted by GTE Eabor- 
atories. An updated process specification 
(AY6-405) was developed, which incorporated a 
modified binder system with improved binder 
burnout characteristics. 

Evaluation of test material fabricated by 
this piocess specification is currently pro- 
ceeding, with encouraging results. The aver- 
age room temperature MOR of longitudinally 
ground test material is 89.49 ksi, while the 
average as-fired strength is 78.72 ksi. These 
values represent the highest strengths obtained 
to date for any GTE injection-molded Si 3 N 4 
material. 

One hundred-eighty blades to be produced 
from this new process routing are currently on 
order, with an anticipated delivery date in 
fiscal year 1982. A preliminary sample of 
three blades was received for dimensional 
evaluation. The dimensional stability of 
these blades was excellent, with all diiaen- 
sions found to be within design specifications. 

CERAMIC ABILAIIABLE SEAL DEVKLOPKEHT 

The turbine tip shroud shown in Figure 5 
was fabricatl^d from reaction-bonded silicon 


Figure S. Turbine tip shroud with abradable 
coating. 


carbide by tlie Alpha Silicon Carbide Division 
of CBO. This component was produced by green 
machining a compression molded ring to near 
net shape. Following s i liconizat ion, the 
critical dimensions were finish ground. To 
allow for tighter turbine blade tip clearances, 
a DDA-developed abradable seal material was 
applied to the inside diameter of the shroud 
by plasma spraying. 

This abradable material contains equal 
weight percentages of prestabilized zirconia 
(with 8Z yttria) and Type FA-A Eccospheres 
(hollow alumino-silicatt' spheres). In 1980-81 
this composition, applied on a metal shroud, 
successfully ran for 288 hr at 1900’’F condi- 
tions in CATE engine C-1. This particular 
ceramic shroud ring has been qualified at 
2070“F conditions in the thermal shock rig and 
is planned to be installed in the next CATE 
engine build. 

The abradability of the zirconia-Eccosphere 
systeia has been evaluated in an intentional rub 
situation on the abradability test rig. Using 
a CBO sintered alpha silicon carbide blade, 
twice proof tested to 43,000 rpm (llTt design 
speed), a rub depth of 0,005 in. was achieved 
with no distress to either the blade or the 
shroud. The abradability demonstrated for this 
material systesi is considered suitable for en- 
gine applications. 
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CERAMIC ROTOR DEVELOPMENT— PROTOTYPE 

Work continued during; fiscal year 1982 at 
CBO on the definition of processing parameters 
for the production of in ject ion-iaolded sintered 
alpha silicon carbide ACT 100 gasifier rotors. 

A limited processing matrix was designed and 
conducted to establish Che process parameters 
necessary for the fabrication of high-strength 
prototype rotors. Variables addressed in this 
study included binder composition, binder re- 
moval technique, and sintering procedures. 

The characterization of Che prototype ro- 
tors received as a result of this effort has 
been completed. The room temperature spin test 
to failure has proved to be a useful tool in 
evaluating rotor performance. Figure 6 pro- 
vidt::s a summary of this testing for Che latest 
13 rotors. Of these rotors, 14 achieved ourst 
speeds in excess of the lOOX mark. The appli- 
cation of Weibull statistics in conjunction 
with finite element analysis enabled equivalent 
four-point .HOR strengths to be inferred from 
these results. The median burst speed of 
97,000 rpm converts an equivalent standard 
bar strength of 49.1 ksi. 

Test material cut from actual prototype 
rotors was also evaluated. The average MOR of 
48.7 ksi measured for bars cut in the radial 
direction from Che backface of the rotors cor- 
relates well with the predicted strength men- 
tioned above. However, material cut from Che 
interior of the rotors in the axial direction 
possessed an average strength of only 29.3 ksi. 
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The defects identified in the axial test bars 
are typical of the strength-controlling flaws 
observed in failures of early prototype rotors. 

The results for the prototype rotor indi- 
cate that sound defect-free naterial is being 
achieved in the backface region where high 
stresses are developed during spin testing. 
Clearly, however, additional improvement in 
mic rose rue Cure is needed in the central sec- 
tion of the hub. 

CERAMIC ROTOR DEVELOPMENT— ENGINE CONFIGURATION 

As a result of the initial processing study 
conducted on prototype rotors, a set of pro- 
cessing parameters was established for the 
fabrication of AGT 100 engine configuration 
rotors. The parameters selected were chose 
observed to yield the highest average burst 
speeds in the room temperature spin tests. 

The engine configuration rotor differs from 
the prototype rotor in the direction of rota- 
tion (blade cataber) and the thickness of the 
rotor shaft. In addition, the exducer blade 
tips were lengthened for aerodynamic consider- 
ation. A new injection taolding Cool was de- 
signed to accoassodaCe these modif icacions and 
was delivered in May of 1982. 

Rotors fabricated from this “optimal*’ pro- 
cess routing have been received. Approximate- 
ly lOX have been judged to be of acceptable 
quality based on nondestructive inspection 
criteria. Preliminary strength evaluations of 
these rotors, determined from standard test 
bars cut from the components, as shown in Fig- 
ure 7, indicate a more unifono material in all 
sections of the hub. Test material from the 
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Figure 6. 


Figure 7. Eiigine coaflguracion rotor oiaterlal 
strength characteristics. 
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b«ckf«ce region in Che radial direction regi- 
stered an average strength of 53.32 kai. An 
average strength of 31.33 ksi was observed for 
bars cut in the axial direction near Che exdu- 
cer. This t*epresents a significant increase 
over Che 29.3 ksi observed for the sa»e region 
in Che prototype rotors. Only a single low- 
sCrengCh bar (Mo. 13) with a defect similar to 
those prevalent in the hub region the pro- 
totype configuration rotors was encountered. 

Tlie frequency of these defects in the engine 
configuration rotors, therefore, appears to be 
greatly reduced. Additional process develop* 
aent activity will concentrate on the complete 
elitoination of such flaws. 

SILICON NIIKIDE ROTOR DEVELOPMENT 

GTE Laboratories has made significant pro- 
gress toward developing Che technology neces- 
sary for fabrication of an injection-molded 
sintered silicon nitride ( 6 X ^ 2 ^ 3 * AI 2 O 3 ) 
gasifier rotor. 

This development effort, funded directly 
by DDA, has involved the evaluation of a vari- 
ety of binder systems, as well as compounding 
methods, injection molding procedures, and 
binder reracval techniques. A material system 
and associated process routing, designated 
AY6-100, have been established for the produc- 
tion of visually and radiographically rlaw-treo 
green rotors. Although these rctors can be 
sintered to greater Chan 982’. of theoretical 
density, imternal cracking remains a problem. 

A follow-on effort addressing this problem and 
associated optimization of the processing par- 
ameters is currently proceeding. 

ACrr 100 CERAMIC a)MBl’ST0R DEVELOPMENT 

The AGT 100 combustor assembly shown in 
Figure 8 consists of four ceramic components. 
These parts are all produced from sintered al- 
pha silicon carbide by CBO. The flame Cube, 
swirl plate, and dilution band are fabricated 
from a standard grade of isopressed and sin- 
tered silicon carbide. General net shape is 
obtained by green machining. Only the roost 
critical dimensions require diamond grinding 
after firirg- All three of these components 
can currently be produced Co a quality level 
that satisfies all material and dimensional 
requirements. 

Tl>e main combustor body is produced by slip 
casting. A considerable development effort 
was required, in casting and sinter fixturing 
technique, before diraeasionally acceptable 
ccmponents could be obtained. A nonstandard 
bicsodal grain size starting powder is employed. 
This material system has a low shrinkage factor 
so chat critical dimensions can be obtained 
without finish -aachining. The pilot tube and 
dilution holes are, however,, ulcrasouically 
machined after sintering. The slip cast com- 
bustor body material has a coarse-grained mi- 
crostructuze with a relatively uniform average 
grain size of 6.0 microns. The apparent poro- 
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Figure 8. ACT 100 combustor assemblv. 


sity IS approximately lOZ. Despite this poro- 
sity level, test luaterial slip cast siraulcane- 
ously with the body registers strengths ap- 
proaching those obtained from either dense 
isopressed or inject ion-molJed sintered . 
raaterial. Bars with a longitudinal Iv ground 
Surface condition display an average room tem- 
perature MOR of 51.79 ksi, while the average 
strength of as-fired speciniens T.easuros 
ksi. The primary strength-controlling flaws 
observed in both cases were small pores. The 
as-fired strength represents a substantial -.m- 
provemenc over the 32 ksi previously recorded 
for earlier slip cast material. The elimina- 
tion of surface blisters and pore agglomerates 
through modifications in casting procedure 
(found to be the primary failure origins in 
the earlv material) resulted in this strength 
improveioent . Both rig and engine operating 
experience with the combustor assemblv has 
been extreraely successful to date. 

AGT 100 GASIFIER SCROLL 

The AGT 100 gasifier scroll assemblv, shown 
in Figure 9, consists of four ceramic compo- 
nents, all produced by CBO from sintered alpha 
silicon carbide. The connecting duct and 
scroll are both fabricated by slip casting. 

The close tolerance shroud and adapter sleeves 
are made from isopressed silicon carbide, sub- 
sequently green— raac hined to final ditnensi'^'is. 
The vane pockets in the shroud are ultra^ui- 
cally m-achined after sintering. 

The final scroll assemblv is produced by 
sinter-bonding these individual components in 
S€H)uential fashion. First, the slip cast con- 
necting duct is sintered to full density using 
appropriate fixturing. Next, the green adapter 
flange is sinter-bonded to this duct. Then 
the green close tolerance shroud is bonded to 
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tjri.lv s 'und ;oints between -omponents. This 
work IS proceeding on schedule. 

\ :t 1^0 hackplate assembly 

The gasifier hackplate asserablv, shown in 
Fig'ir** 1). :>m'prises in inner bacxnlate md an 
'jt'-r •'j ; gp 1 it “ . •'otn ir** 'r'Moed ->v 'B(* •>: 

iintereJ alpha sili. .’n : ar h i . ' ne inn»*r 

oackplate is fabricated t rom isopressed and 
green-machined billets. The outer backplate 
IS injection-molded. This is the largest in- 
ject ion-taolded component lat a weight of 1.8 


Figure 10* Gasifier backplates* 
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lb) in th« ACT 100 engine. The vane pocket 
holes in Che outer backplate are olcrasonical* 
ly taachined after sintering* 

\GT 100 SEAL PLATFORM/EXHAUST DUCT 

the seal platfom/exhaust duct shown in 
Figure II is fabricated by Cornir^ Class Works 
f roQ lichiute alurainus silicate (LAS wode 945d). 
At a weight of 17.6 lb, this duct, produced by 
slip casting, is the largest single ceramic 
coraponcnC in the ACT 100 engine. After slip 
casting and sintering, only the bore and 
rlange thickness require final nachining to 
•sieet iitaensional requireaents. Sondest rue c ive 
inspections of these components generally re- 
veal no material discrepancies in high stress 
reg ions . 

Evaluations of similar LAS ^458 material 
indicate an average room temperature fracture 
strength of 12.64 <si with a Weibull modulus 
of 12.2. The primary strength-controlling de- 
fects observed in these test bars were surface 
pores. Preliminary ei^vated temperature tests 
indicate that this strength level is maintained 
to a temperature of 2192*F, although some plas- 
tic detormation was observed at this tempera- 
ture. Further investigations to characterize 
this phenomenon and to determine Che teiapera- 
Cure level at which deformation occurs are 
current ly underway. 
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Figure ll. Slip cast Coming LAS 
seal platforvi/evhaust divct* 


Rig and engine experience with these co*-* 
pooeocs has been extreaiely successful to date* 
All Chiee parts subjected to a mechanical 
pressure test designed to sianilate pressure 
differential loads at engine maxitam power op- 
eration have passed, and Che LAS seal plat form/ 
exhaust duct installed in the first AC7T 100 
engine build encountexed no difficulties. 

ACT 100 INSULATIHG 5HLH DEVELOPHEsnr 

Th<^ use of structural ceramic cotaponents 
in the hot flow-path section of the ACT ICO 
engine, while allowing higher turbine teap^rra- 
tures to be eaployed, generates a ne<»d for in- 
sulating shims as a thermal barrier between 
these ceramic coriponents and adjacent -accal 
support structares. Zirconia (Zr02) is -on- 
sidered a leading candidate for insulating ap- 
plications because of its refractoriness and 
low thermal conduct i vitv . 

The insulating shims shown in Figure 12 
were produced by the AC Spark Plug Division ol 
General Motors. The material is an isopresseJ 
and green-Tuachined fine-grain partially sta- 
bilized zirconia (PSZ) consisting of both cubic 
av.d monoclinic phases. It is a derivative of 
the material used for the production oxygen 
sensor on all recent GM automobiles. 

Th<j average room temperature fracture 
streiigth measured .^n longitudinally ground 
bars is 49.80 ksi. The strength for the as- 
fired surface condition is 45.69 ksi- Frac- 
tures primarily originate from small pores for 
both surface conditions. 

Preliminary elevated temperature tests in- 
dicate that this strength level is essentiallv 
maintained to a temperature of 1832“F. The 
thermal expansion and heat conducting capacity, 
of particular interest in thermal barrier ma- 
terials, measured 3.9 in*/in./*F and 0.083 
cal/g/‘*F, respectively, at a temperature of 
1472*F. 

These insulating shims are being installed 
in AGT 100 engine build No. 3. 
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Figure 12, AC Spark Plug PSZ Insulating shims. 
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■\RSTR ^CT 

The Odr'":: Ford \GT!'i Pro>;rd-n has pro- 
gressed througn ;mt;ai iesign, fabrication, and firs; 
generation acrixivnarnic .'omponent tests, and ■'ur- 
rentlv :s focused on engine test bed development and 
ceramic component developr"> nt. "besign ^ ceramic 
components of excellent visaa: qualitv nave been 
received from the XiResear" Fastini; romoanx. 
Carbor indum Fo-'ipanv, Corn.ng. For.t, and NGK. 
These comDonents are ‘"ing qualified for engine 
testing through ■ sequence of evafuations that 
include bulk densitv, NnE. dimensional inspection, 
visual examination ,ip to tiOx magnification, selected 
mechanical and thermal screening tests, and static 
structure 'ig tests. 

Individual static structure ceramic components 
have been qualified up to 2100‘’F m thermal screening 
tests. The complete ceramic static structure, 
consisting of dd comiponents, has successfuUv been 
tested under 'vclic conditions .n the static structure 
test rig to the Mod I design conditions of i f.OO*F, 

X oladed 'otor. fabricated cooperativelv bv 
XiResearch Casting Companv and Ford Xlotor 
Compa.''v, has oeen soin tested at room temperature 
to : jC.Cl. j rpm. 


INTRODL'CTfOM 

The -Xs't T ! 'i 1 engine test bed IFigure !' *as speci- 
ficallv designed around use of ceramic components in 
the !iot flow path section. Except for the regen- 
erator flow separator housing, all ceramic compo- 
nents are symmetrical; this provides a more uniform 
stress distribution and eases manufacturing. 

AGTIOI development, depicted in Figure 2, begins 
with a 16‘00°F turbine inlet temperature versiort. 
Testing of the IfeWF engine test bed is well under- 
way using metallic structures. Initially, qualified 
ceramic structures will replace the metallic counter- 
parts, beginning the ceramic component develop- 
ment. 

Engine test bed developntent progresses to the 



Figure 1. XGTIOl Power Section. 


2100*F version utilizing ceramic hot section hardware 
that will be qualified in separate test rigs. A 
metallic, dual^loy turbine rotor will be used in this 
version. 

Finaily, the engine is upgr.id'.-d ;o the 2X00"F 
version. This is accomplished by introducing the 
ceramic radial turbine, thus permitting a turbine 
inlet temperature of 2500*F. 

Siibstantial progress in ceramic technology has 
been accwnplished on the Garrett/Ford AGTIOI pro- 
gram during this past three years*'**. Progress by 
ceramic manufacturers has been key to the suc- 
cessful (iemonstrations made to date^'^. Figure 3 
shows a composite of the ceramic strijctural parts 
and tiM^bine rotor successfully fabricated to the 
rerjoired engine dimensional envelope and delivered 
to Garrett for evaluation. All components are eval- 
uated using bulk density measurements, NDE, A Ox 
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Figure 3. \CT!0! Feri-nx Part'.. 


visual exanurration, and dimensional inspection. 
Selected components are nechanically and/or 
thermally screened prior to static structures rig 
testing. This paper reviews the status of mechanical 
and tlvennal screening tests, static structures r'g 
testing, rotor spin testing, and additional work cwi- 
ducted under the AGTIOI ceramic component devel- 
opment tasks. 


For clarity, t'e rotor developmc't tasks will he 
separated from the sv. ictures devel jp'r.eiu '■•'d w.’l 
he discussed first. 

TURBINE ROTOR HEi LOPMENT - MECHAN- 
IGAl. SCREENING - Cold spin testing of non-bladed 
and bladed rotors (Figure 4) has been utilized as a 
netbod of gauging developmental progress and iden- 





BUI3ED flOTan SIMULATED ROTOR 


Figure L. \GT''S T jrbine Rotor \poroach. 

tifving <itrength-:;-n;t to Mipport orocessing 
Iterations. Initiallv. 'lon-olaOecJ rotor soin tests *'ere 
used as a developnentai steopmg stone !or the 
ceramic -nanufacturers to concentrate efforts on 
achieving the necessarv natciai strengt'' and ini- 
for'nitv ;n the 'oto' nap. (VaK ^tresses acre pre- 
dicted to r>e -3 ..SI at this 'ondit.on. Through 
iterative development, ooth Ford Motor Go noc-.n^ and 
^lResearch Casting Companv ( \CvM ac''.eved the 
design overspeed goal ot ; 13.000 'om ' 1 ’ S-percent 
designl. \ Ford s.ntered reaction oonded sili - on 
nitride non-hiaded 'jtor .vas spin tested to ; is. 000 
rp'ii ipea^ stress sj .without ta.cire. iv.t an 
ACC sintered. siUcor nitride non-nladed 'otor .vas 
spin tested to 1 I s.OOO rp-n without failure. Having 
successfully passed non-oladed rotor spin test goals, 
both ceramic manufacturers were approved tvv ini- 
tiate bladed rotor development. 

Efforts during the past vear at \CC and Ford 
have been concentrated on bladed rotor develop nent. 
Early bladed rotors with visible blade defects were 
spin tested to evaluate 'otor hub integrity. Although 
portions of blades fractured from these known 
delects at speeds as low as 79.000 rpm, .■'otor huh 
survival to 1 I 3.000 and ^3,000 rpm -vas respectively 
achieved for Ford and ACC rotors. The ACC rotor 
may have attained h.gher speed except for a cr.ack. 
that initiatird in the niavde. and propagated into the 
hub. T*iese early spin test results demonstrated that 
the high hub strength acnieved in non-bladed rotors 
also IS being achieved .n bladed rvitors. 

Rotors recently received from Ford and ACC 
show a marked improvement in blade quality and 
currently are being prepared for spin test evaluation, 
k 'Otor fabricated cooperativelv by Ford and -%CC 
has been successfully spin tested to SO, 000 rpm and 
thus. IS qualified for initial hot tu'"bine rig testing. A 
similar rotor (Figure 3) vas spin tested to failure at 
102,000 rpm exceeding the maximum design speed of 
theAGTlOI. 

TURBINE ROTOR DEVELOPMENT -THERM.AL 
SCREENING TESTS - Following successful cold spin 
testing, the turbine rotor will be thermally screen 
tested to evaluate blade Integrity. A simple, hot 
turbine test rig (Figure 6) has been fabricated for tfiis 
evciluation. The rig utilizes common AGTIOI- 
metaUic hot flowpath hardware and will be operated 



Figure 3. ACC Ceramic Turbine Rotor. 



Figure F. \GT!01 Hot Turbine Test Rig. 

to vi'tvjfate a shutdown transient (the worst stress 
'ase for blading). Preparations are underway to 
nitiate testing; wnen successful .n thermal screening 
tests, a rotor then will be qualified to begin engine 
testing. 

STATIC STRUCTURES - MECHANICAL 
SCREENING TESTS - Selected static components are 
■lechanic illv tested at approximately 120 percent 
overstress -cmditions using either pneumatic or 
hydraulic pressure^. fhe flow separator housing, 
regenerator shield, turbine backshroud and turbine 
alignment bolt system all have been successfully 
tested. liesults of these tests are encouraging and 
indicate that the quality of hardware received to 
date is very good; over 90 percent of those tested, 
have passed. 

STATIC STRUCTURES - THERMAL SCREEN- 
ING TESTS - Analytically, the predicted stress distri- 
bution for most static components is largely thermal 
and peak's during an engine start transient. In an 
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effort to screen inadequate parts and later thermally 
map satisfactory hardware for analytical validation, 
several thermal screening rigs have been designed 
and fabricated. These test rigs were designed to 
expose ceramic components to thermal tramsients up 
to 2100“F under normal engine start transients. Hot 
flowpath geometry is simulated and an ACT diffusion 
flame combustor supplies heated air to the rig. 
Engine mass flow and temperature ramp cycles are 
simulated during a start transient. Real time tem- 
perature, mass flow and acoustic emissions are moni- 
tored throughout testing. 

T(j correlate a fracture event to a patrticular 
start transient condition (temperature versus time), a 
real-time fracture sensing mechanism is required. 
.An acoustic emission system has been adapted, con- 
sisting of a high frequency response acoustic trans- 
ducer mounted on a metallic waveguide. The wave- 
guide is inserted through the rig sidewall and is in 
close contact with the component. During a frac- 
ture, a high level of energy is di'.ipated due to the 
breaking of material bonds as the crack propagates 
through the ceramic. This is detected by the 
transducer as a higher decibel output, than typical 
background flow noise, plus a large number of 
acoustic events. Testing to date indicates that 
acoustic emission can be used to determine ceramic 
fractures during test, and further, can aid in deter- 
mining if rig/engine disassembly is warranted follow- 
ing a test sequence. Figure 7 illustrates some 
comparative characteristics observed during test. 



Figure 7. Acoustic Emission Output As 
Recorded by a Distribution 
Analyzer. 

Thermal screening tests have been conducted 
on the transition duct/combustor baffle, and turbine 
shroud/ turbine stator/turbine backshroud. An initial 
test of the turbine shroud alone is conducted prior to 
assemtiling the stator and backshroud in this rig. 

Testing has been accomplished in two stages. 
First, a set of components was screened to I600*F for 
initial structures rig testing. Subsequently, a second 
set of components was screened to 2100"F. .A 
minimum of five lightoff cycles to temperature, hold 
fc«r 3 minutes, arrf sfiutdowns were accomplished. 
Figures 8 and 9 show components qualified for 2100"F 
structures rig testing. 



Figure 8. Ceramic Thermal Screening Test 
(Transition Duct/Baflle, 2000*F 
Cycles). 


t ! ! r> ; 



'ugure 9. Ceramic Thermal Screening Test 

(Turbine Shroud, Turbine Backshroud, 
and Turbine Stators; ?100°F, 

5 Cycles). 

STATIC STRUCTURES RIG TESTING - 
Alltiough a set of components may pass a mechanical 
and/or a the'mal screening test, a more important 
quaiificatioii remains — how does the assembly 
interact'* The AGTIOI ceramic structures rig was 
designed to subject a full compliment of static struc- 
tural components to simu.'ated engine thermal and 
mechanical loads, transients, and to allow important 
diaignostic work to be accomplished p>rior to engine 
testing. The rig, shown in Figure 10, is essentially an 
AGTIOI engine withotit a rotating group. The regen- 
erator has been retained such that simulation of the 
asymmetrical mechanical and thermal loads imposed 
on t?»e flow separator housirtg could be evaluated. 
The high pressure (HP) and low pressure (LP) regen- 
erator flows ve independently controlled, and heated 
LP flow is provided by an AGTIOI diffusion flame 
combustor . 

Assembly of the test rig, and later the engine, 
IS depicted in Figures 11 through 18. Starting with 
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Figure 11, Ceramic Module - Hardware Layout. 



Figure 12. Ceramic Mooule - Install Inner 
Diffuser and Spacer. 


the metal compressor backshroud, a ceramic module 
is assembled on the workbench. The modu'e consists 
of the spacer assembly, inner diffuser housing, rocker 
assembly, outer diffuser housing, turbine shroud, and 
ceramic bolt assembly. The concentricity and nor- 



J 


Figure 13. Ceram -- Module - Install Outer 
Diffi and Rocker Assembly. 



Figure 14. Ceramic Module - Install Shroud 
and Bolts. 



Figure 1 5. Ceramic Module - Install Segmented 
Stator. 

mality of hardwtire is checked during build to assure 
proper fit and to mainta.n alignment (thus maintain- 
ing proper turbine clearance). This module then is 
installed in the outer casing, and stator vanes, tur- 
bine backshroud, combustor baffle ai.d transition duct 
are installed. Figure 19 siaows the rig installed Ln the 
test cell. Instrumentation includes thermocouples. 
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figure 16. Ceramic Module - Install Backshroud. 



Figure 17. Ceramic Module - Install Combustor 
Backshroud. 



i-igure IS. Ceramic Module - Install Transition 
Duct, Assembly Complete. 

pressure transducers, and two acoustic emissions 
prooes: one located on the flow separator housing and 
one on the turbine shroud alignment bolt. 

Several short-lived or aborted test runs 
occurred prior to achieving stable operation of the 
test rig. During one such test, a 13-second lightoff 
to 1400°F was conducted. Bn excessively high acous- 
tic emission (over 10,000 counts greater than 60 dB) 


Tigure 19. Ceramic Structures Rig Installed in 
Test Cell. 

was noted two minute: into me start, indicating the 
potential of ceramic comiponent fracture. Disas- 
sembly of the test rig repealed a fractured outer 
diffuser housing as shown .n Figure 20. Analysis, 



■■'.gu e 20 . BCTiOl >ra" :c Dijter Diffuser 
Housing Tract .'•.*d During Rig 
Testing. 

inder the trarsient cvcie performed, showed a peas 
stress /above 26 ksi) in the -egion of the fracture, 
several correttive options were explored. Sirnila' 
metal parts for the \GT101 600“F engine had ’oeem 

'adiaily slottec to prevent a hoop stress buildup and 
.subsequent waroing. Using t-cs concept, the part -as 
'eanaJvzed win a O.O.oO-inch radial slot from the ID 
to CD: predicted stresses trooped to 3 ksi. In an 
effort contnue testing, a second part was recon- 


figured as stated above. The fact that this "fix" is 
not permanent and that other solutions do exist (i.e. 
alternate materials or turbine exhaust diffuser 
redesign) is recognized. The rig was rebuilt and 
testing continued. 

As shown in Figure 21, a temperature cycle 
(compressor discharge at idle) to 1600°F (simulated 



4 8 12 16 20 24 28 32 

TIRIE. RSINUTES 


Figure 21. Ceramic structures Rig Test Cycle. 

TIT) was achieved aver a 1 ?0-sc-cond time span. Mass 
flow was maintained at nib/mm (idle condition). 
This condition was held for 'O minutes; then was 
.ncrn,ii>ec to o ;-> -i.n i t i.se' .vide hoid.ng !hO')°F 
TIT ! >r . nmutes: tne svstem then .vas shutdown. 

The aS ceramic comoonents .vere subjected to 
fifteen thermal voles as descrihed above without 
incident, ^'le in.t was ■'emove'd from the test cell 
and iisasse nnled. -\11 'eramic 'Components were 
undamaged and .jivalified for .nitiai engine test -and 
evaluation at :nOO'’F. This the Rev initial step in 
ceramic o "oonent .lev eloo ne.nt and ht'gins to 
demonvfate ..a);!. tv .vf tne -XviT'O' fesign. 

IN'^tlRFXCF TFoTIXC. - In -orvunction with 
Cera n.c m nponent tests, an .nterface co noatihili tv 
vtudv .''e-.tc. s nei-vj. -.'tid'cctel. Ml interface 
.'ond.tionv to' ”'e '..,'iT!'.! nave oa'en . fe'itif.ed, .is 

voovv "1 'V ■- gu.'e '2. livong wit‘i '''S'oei tive -.tress .and 


temperature environments for the three engine oper- 
ating conditions (1600, 2100 arxl 2500*F TIT). To 
date, the study has partially evaluated interface 
conditions 1, II, and III for all combinations of mate- 
rial choices. Test bars of as-machined or as- 
processed material were stacked with a 0.25 x 0.25- 
inch contact area for conditions I and II, and a 0.01 x 
0.25-inch contact area for condition III. The 
specimens were heated to the appropriate temper- 
ature while dead weight loaded at a minimum simu- 
lated engine assembly load. Once at te'nperature, 
additional dead weight loads were applied, as 
required, to simulate engine aerodynamic or mechan- 
ical loads and held for 20 hours. Unloading and cool 
down followed. The specimens then were inspected 
for sticking phenomena. Three classifications were 
assigned: no stick, no reaction (NSR); light sticking 
(LS) upon cool down, i.e., came apart during handling; 
and hard sticking (HS), not separable by hanvl. 
Concern is raised for LS and HS conditions due to the 
follow'ing; 

o LS - longer exposure may result in hard sticking 

o HS - could result in component fracture if the 

parts thermally expand or cool down at differ- 
ing rates 

Table 1 summarizes the testing for interface condi- 
tions I, II, and 111. Testing at condition III, depicted in 
'^igure 21. was ''onducted under a constant S.l-ksi 
load (engine asscmblv prekiad) an-d results showed no 
sticking or reaction. 
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Figure 22. Interface Comoat;bihtv Testing. 


Figure 21. 'T-smpatibihtv Test Condition Number- 
Ill - Interface Material Combinations. 

\s noted in Table 1. several material combina- 
tions result In sticking i nder conditions I .»nd 11. 
Xdditional testing was conducted for these ''o-nbina- 
tions jsi.ng flane-spraved nuUite coating on .one 
interface surface. F*-elimmarv results indicate that 
no sticking or reaction occurred with flame-sDrav<v1 
nuUite-coated surfaces. 

Mthough additional testing is planned, and vvar- 
ranted, these preliminary results indicate that the 
\CTI0l ceramic development can proceed under the 
following guidelines: 

1 Attention must be given to material co-n- 
bination selection 

o Coated <a-SiC or RBSN can be used for sele-oted 
interface combinations 
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Table 1 . Ceramic Interface Test Summ«iry 


Material 

Interface * 
I 

Interface * 
II 

2 

Interface 

ni 

Combination 

I970»F 

1S50*F 

2150*F 

1550*F 

I970°F 

2300°F 

1550*F 

I970*F 

2300°F 

1 

- 

- 

- 

NSR 

NSR 

NSR 

NSR 

NSR 

NSR 

2 

- 

- 

- 

NSR 

NSR 

NSR 

NSR 

NSR 

NSR 

3 

- 

- 

- 

HS^ 

HS^ 

HS’ 

NSR 

NSR 

NSR 

4 

- 

- 


NSR 

NSR 

HS^ 


- 

- 

5 

- 

- 


NSR 

NSR 

NSR 

- 

- 

- 

S 

NSR 

NSR 

NSR 

- 

- 

- 

- 

- 

- 

7 

NSR 

NSR 

HS/Chip 

- 

- 

- 

- 

- 


S 

■ - 

- 

- 

NSR 

DUk 

NSR 

NSR 

NSR 

NSR 

9 

- 

- 

- 

NSR 

Disk 

NSR 

- 

- 

- 


Evaluated at 0.2, 1.1, and 2.5 ksi NSR :: No stick or reaction 


, . HSr Hard Stick 

Evaluated at S.3 ksi, crowned 

, LS ' Light Stick 

Mullile coated - NSR 


Oisk 


Discolored 
























o Detailed inspection after test will be conducted 
to ascertain problem atreas 

o Crowned surfaces appear to help in alleviating 
sticking f^enomena 

TURBINE ROTOR SHAFT ATTACHMENT - The 
ceramic turbine/coupling attachment study also has 
shown very encouraging results. A concept using a 
double-walled cylindricad coupling, shrunk fit on the 
ceramic turbine rotor shaft, has been evaluated under 
cyclic thermal testing. Results of these tests indi- 
cate that the racheting |>henomena can be predicted 
and controlled. IN907 material was selected for the 
coupling due to low thermal expansion chau-acteristics 
artd strength properties at higher temp>erature. A 

0.C0i>5 to 0.005-inch diametral interferance fit is 
used to affix the coupling to the ceramic turbine 
shaft. 

A series of tests have been conducted on speci- 
mens in a furnace. Tfie specimens (ceramic stub 
shaft/coupling) were subjected to thermal cycles 
from below 300 to over 1000*F. After 200 cycles, 
total rnovement was 0.0006-inch aft (toward the tur- 
bine). An additional 1 50 cycles currently are being 
cwvducted to verify initijl test results. 

Following the second test series, the coupling 
will be assembled on the turbine rotor for hot turbine 
rig testing. These test results then will be assessed 
and used to qualify a ceramic rotcr for engine 
evaluation. 

SUMMARY - AGTIOI ceramic component devel- 
opment has progressed from the design and process 
fabrication phase to screening evaluation and initial 
feasibility rig testing. Signit.cam accomplishments 
achieved during the last year include; 

o Ceramic bladed turbine rotors have been spin 
tested to greater ihan 100,300 rpm, exceeding 
the maximum speed requirement for engine 
operation 

o Individual ceramic compvonents have been quali- 
fied for 2100"F in the thermal screening test ng 
o A complete set of ceramic static structures 
con sisting of 49 components has been success- 
fully tested under cyclic conditions in the 
structures test rig to 1600'F— this set now is 
ready few engine testing. 

Achievement of these accomplishments con- 
tinues to demonstrate the feasibility of the Garrett,' 
Ford single-shatt. single-stage engine, from the 
standjXJint botn of design arid materials. 
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Ceramic Technology Progress Report - 
DOE/AMMRC Ceramic Materials Program 

R. Nathan Katz and Edward M. Lemoe 
Army Materials and Mechanics Research Center 


ABSTRACT 

During the past seven years, AMMRC has 
been actively engaged with the Department of 
Energy and its predeicessor organizations, in 
building a ceramic materials technology base 
aimed at the vehicular gas turbine. The 
focus of this work has been the various DOE, 
Advanced Gas TurbJLne (AGT) efforts. Figure 1 
lists several of th^ significant achievements 
attained both in-houSte at AMMRC and on contract, 
under D0E/AJ1MRC Interatency Agreement lAG DE- 
AE-101-77-CS51017. Man^pf these achievements 
are currently contributing' to the AGT programs. 

However, as the AGT progr^s near demon- 
stration, the windov; for supporting materials 
research and development to impact' these pro- 
grams is closing. Accordingly, AMMRC and the 
DOE, Office of Vehicle and Engine R&D have 
decided that it is appropriate to redirect 
the .AMMRC efforts to contribute to a more 
generic ceramic materials technology base 
aimed at both the gas turbine and diesel, for 
both light and hea\rf duty application. 
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This presentation will outline oun future 
plans, under the ctmtlnuatipn of TAG DE-AE 
IOI -..77 CS51017, which address'the above goals. 

FY83 PROGRAM DIRECTIONS 

During the coming year, AMMRC, In close 
coordination with the Oak Ridge National 
Laboratory, the SASA-Lewis Research Center, 
and doe's contractors, will carry out R&D 
which exploits the technology base previously 
developed, is consistent with the available 
resources, and addresses pacing ceramic 
materials technology issues for adv^inced 
engines. 

As outlined in Figure 2, tne DOE/i\MMRC 
Ceramic Materials Technology Program for FY83 
will encompass 5 tasks. The life prediction, 
sintered Si 3 N 4 , and time-temperature dependence 
of advanced ceramics tasks will contribute to 
both future gas turbine and diesel programs. 

The toughened ceramics task will be dedicated 
to diesel engine materials. Support to the lEA 
implementing agreement will continue to facili- 
tate data exchange and technical communication 
on ceramic gas turbine programs between the L'.S. 
and the Federal Republic of Germany. We hope 
that during FY83, that this agreement will be 
expanded to include other lEA member nations. 
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Figure I 


D«nrh»g...Xhe past year, work was initiated 
or continued on tasks, A large por- 

tion of the past year's 'pYogreaa-ofn "the sin- 
tered SI3N4 task is being presented by Pasco 
,And Greskow-icJi- lii-theJx..fiK®sfint-ation» There-^- 
toga.-.t hls presitabatiow- wHd-eagphasize plans 
and preliminary progress on tasks relaiflng to 
life prediction, time-temperature dependence of 
advanced ceramics, and toughened ceramics. r u. 
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TASK I - LIFE PBEDICTICW METHODOLOGIES 

In order to address the goals for life 
prediction shown In Figure 2, <>>MMRC's FY82-83 
emphasis is on the areas of statistical data 
evaluation proctsiures and the determination of 
failure modes and life prediction parameters 
of selected materials. 


STATISTICAI.. DATA EVALUATION PROCEDURES - 
Over the past few years, .VMMRC has expended 
considerable effort to further extend its 
computer code for statistical data evaluation 
procedures for six statistical functions; 
normal, lognormal, Weibull 2, 3, i 4 parameter, 
and radical, as well as, incoporating non- 
parametric techniques. For these functions, 
the code now includes the capabilities listed 
In Figure 3. 
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Figure ) 


During FY82, ths AMHKC In-house code was 
extended to Include Robustness and multl- 
iKodallty procedures. The Robustness procedures 
are based on Huber's M-estlmate method and: 
obtain outliers In a formal manner; have single 
and multi-variable capability; do not require 
the assumption of normality; Improve the func- 
tional representation of data; and provide 
Improved inferential statistics. 

Thtus, the AMMRC code is now able to syste- 
matically determine outliers, indicate whether 
or not, multi-modality exists (i.e., mixed mode 
failure), provide formal determination of best 
probability distribution fits, and provide 
confidence limits, in the case of small data 
sets, numerical simulation procedures are pro- 
vided to enhance reliability computation. 

DETcRHINATlON OF LIFE PREDICTION PARAMETERS 
FOR SINTERED SIC ~ The static fatigue resistance 
of 1980 vintage, sintered alpha silicon carbide 
has been assessed at 1200 and 1300”C by stress 
rupture experiments. Figure 4 shows the results 
obtained by Dr, Govila at Ford (under AMMRC 
Contract DAAG-46-77-C0028) . To the best of our 
knowledge, this is the first tensile stress 
rupture data on sintered alpha silicon carbide. 

At 1200°C, the loss of strength with time can 
be modelled on a log stress log time plot by a 
line with a slope of 1/27. This result Is 
remarkably close to the value of 1/25 obtained 
by Quinn at AMMRC who utilized four point 
flexural stress rupture testing. Fractographlc 
examination of samples from both studies revealed 
that slow crack growth was t the mechanism of 
failure, however, and the n values derived from 
the slopes should not be interpreted as slow 
crack growth (SCC) exponents. N’evertheless, life 
prediction esitimates may be made using these 
slopes as "effective" SCG exponents. That Che 
strength degradation slopes obtained in separate 
.studies of the same material in separate labora- 
tories, using different experimental techniques 
coupled with the fact that both studies included 
tests in excess of 1000 hours Juration, should 
give a high degree of confidence to designers. 

TA.SK II - SINTERED SILICON NITRIDE 

Figure 5 lists several of the major hl- 
lights attained in the DOE/ -WIRC sintered SiiS 4 
task. The work under contract at GE has produced 
a sintered silicon nitride with unexcelled high 
temperature properties (1). Work on this con- 
tract to be performed in FY83 will concentrate 
on reducing the percentage of the beryllium 
containing additive (SlBeNa) while maintaining 
the materials unique high temperature behavior. 
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Figure 4 - Tensile Stress Rupture Behavior of Sintered r-SiC, with Inferred 
SCG Exponent, N (R. Govila, Ford Motor Co.,) - Contract DAAC 4 &- 77 -C 0028 


Work recently completed under contract at 
Che University of Washington ( 2 ) has provided 
valuable information on the wetting behavior of 
liquids in the Y203~Al203-Si02 systeta on SI3N4. 
Y2O3 + AI2O3 used as a sintering aid reacts with 
native Si 02 on Che 313X4 powder to form the 
liquid glass wliich enables Che a-Si^N^ solution 
-313X4 reprecipitation reaction required to 
produce high strength material. Thus, under- 
standing the wetting behavior of Y203-Al203-Si02 
melts on 313X4, can aid in obtaining more homo- 
geneous microstructures. It was observed that 
only liquids in a limited compositional range 
between 42 Y2O3-38 AI2O3-2O Si02 and 67 Y2O3- 
13 AI2O3-2O Si02 produced wetting. The best 
vetting was obtained with a 60 Y2O3-2O AI2O3- 
."'0 Si02 composition. 
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The AMMRC In-house program in FY 83 will 
focus on the use of nitrogen pressures (up to 
100 ATMOS) on the sintering and resultant pro- 
perties of the SI3N4-Y2O3-AI2O3-SIO2 systems. 

Silica content is adjusted by controlled oxida- 
tion of the SI3N4 starting powders. Figure 6 
illustrates the different oxygen content obtained 
from four different starting powders as a func- 
tion of oxidation time. Thus, it can be seen 
that each different starting material will re- 
quire a different process to yield an optimal end 
product. Work performed In FY 82 demonstrated 
that It xras hot possible to fully denslfy compo- 
sitions in the 8I3X4-Y2O3 + SIO2 system at 
pressures up to 20 ATMOS of N2 (at 1800 to 1850 “C). 
In FY ’83 a 100 ATMOS capacity furnace will be 
available at AMMRC, and it is believed that 
this pressure of N2 will be sufficient to 
obtain full density. Work will also continue 
on sintering time-teaiperature-pressure cycles 
to optimize properties of materials in the 
Si3X4-Y203~Al203-Si02 system. 
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Figure 6 

TASK III - TOUGHENED CERAMICS 

Because of their unusual combination of 
properties (E steel, K 1/5 to 1/50 that of 
Si 3 N 4 or SIC, an a steel, MOR 100 KSI, and 
a high Kj(^ 10 ), transformation toughened 
zirconia (TTZ) are leading candidates for 
cylinder liners, piston caps, head plates, 
valve seats, etc., for the Adiabatic Diesel 
engine. These materials are age-hardened 
ceramic alloy systems and as such they are 
likely to be susceptible to overaging and loss 
of strength at long times at high temperatures 
(l.e., close to the age hardening temperatures). 
Tlie possibility of overaging with its likely 
negative impact on materials performance was 
identified as a critical area of Ignorance in 
the preliminary technical assessoient on cera- 
mics for diesel engines presented by AMMRC at 
last year's CCM meeting (3). Accordingly, a 
task was initiated to: (a) define the extent 

and magnitude of the overaging (if any), and 
(b) develop toughened ceramic alloy systems 
which would not be susceptible to overaging 
at temperatures likely to be encountered in 
advanced diesles (1100~1200''C) . The first 
subtask is being carried out in-house at AMMRC, 
while the second subtask will initiate this 
month, at the University of Michigan. Figure 7 
gives an overview of the objective and approach 
of these two subtasks. 
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Klituri- 

PRELIMINARY RESULTS OF TTZ AGING STUDIES - 
Five cosmaercial zirconias, of which four are TTZ, 
are currently undergoing aging studies at AMMRC. 
As seen in Figure 8 , some of these materials show 
no apparent change in microstructure after 50 
hours aging in air at 1300°C while others showed 
considerable microstructural change (grain 
coarsening and pore agglomeration). Preliminary 
results shoAjed that materials doped with V 2 O 3 
and produced by sintering in the two phase 
region are more stable at high teziperatures than 
those doped with MgO and produced by sintering 
in the cubic region followed by annealing In the 
tetragonal region. Material N of Figure 8 is 
an example of the first type of material, while 
material F is an example of the second. 

The situation with regard to the other 
experimental parameters Is less clear. While 
evidence for phase and thus density changes 
exists. It is not presently clear what portion 
of this may be attributable to phase transfor- 
nxations occurlng during specimen polishing. 

Future testing on unpolished saisiples to be 
subjected to MOR tests should help to resolve 
this ambiguity. 

What can be stated with certainty, however, 
is that all TTZ's studied thus far, exhibit some 
degree of pliase transfonnar ion and microstruc- 
tural or dimensional change with even brie: (30 
hour) exposure with no load at 1300°C. 

PRELIMINARY RE.SOLTS OF 5TSR TESTS ON TTZ - 
Since a mjor portion of the Task on Toughened 
Ceramics will entail stepped-temperature stress- 
rupture (STSR) testing (4), It was decided to 
obtain early experience in this area by conducting 
such tests on a proprietary MgO stabilized TTZ. 
This material is currently under evaluation at 
AMMRC for a military application. The results 
of this study, shown in Figure 9, clearly indi- 
cate a significant reduction In the load carrying 
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capacity of this eaterlal trlth tlae at tenpera- 
tures as lou as 800*C (In air). Several con- 
ventional stress rupture tests have also been 
performed. Two S-K tests at llOO’C and ISO MPa 
load resulted In failure at 205 and 188 hours. 
Both samples had large permanent deforaatlone 
and failed In the creep rupture mode (l.e., many 
cracks on the tensile surface). One saisple has 
continued to surface SR testing In excess of 
2300 hours at 900°C and 200 MPa load. 

While our preliminary results confirm the 
validity of our cotivems about the aging behavior 
of TTZ, it is important to E^lntaln a balanced 
perspective. B>’ defining the limitations of 
these materials, the manufacturers will undoub- 
tedly be able to address and alleviate many of 
the problems. It should be kept in mind that 
even at Che present state of development there 
are many applications in Adiabatic Diesel tech- 
nology for a tough, low thermal conductivity 
ceramic which has a tensile stress rupture life 
at 900"C in air anu 200 MPa (29 KSI) of over 
2300 hours. 



TASK IV - TIME- TEMPERATURE DEPENDESCE OK 
ADVANCED CERAMICS 

During Che past vear, a cask to evaluate 
the tltse-temperature deffCteience of the strength 
of new candidate heat engine ceramics was re- 
initiated at AjeraC. The effect of pre-oxidation 
on the stress rupture of fully dense silicon 
nitride was evaluated in a Joint study with the 
Ford Scientific Research Laboratory (5). It 
was shown that pre-oxidation at <12S0*C can lead 
to reduced stress rupture life times if the 
oxide scale is left intact. Stress rupture 
tests of CE-sintered silicon nitride (SlBeNj 
densif lest ion aid) were also conducted. Based 
on a 1200*C stress rupture test of this material 
In air at 275 ^0’a. (40 KSI) which as been running 
for over 5500 hours, this material shows the 
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potential for high tenperature stress rupture 
life far beyond conventional fiot pressed mate- 
rials (Figure 10). 

During the cosilng year, In addition to S-R 
evaluations of various TT2*s, new versions of 
both GE and Garborundun sintered SIC, and GTE 
sintered Sl 3 H^ will be carried out. Where 
feasible. It Is planned to coordinate materials 
and testing with the Air Force/ITTRI test 
program to assure maxlmuia commonality of data 
bases. 
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2. Miller, A. D. , "The Wetting Behavior of 
Yttria-Alumlna-Silica Additives for 
Pressureless Sintering of Silicon Nitride" 
AMMRC TR 82-23. 

3. Katz, R. Nathan and Lenoe, Edvard M. , 

"Ceraaics for Diesel Engines: Preliminary 

Results of a Technology Assessment", 
presented at DOE Autonaotive Technology 
Development Contractor's Coordination 
Meeting, 28 October 1982, Dearborn, Ml 

(to be published in the proceedings). 

4. Quinr:, G. D. , and Katz, R. "Stepped 
Temperature Stress-Rupture Testing of 
Silicon Based Ceramics". 
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Sl’MiUKY 

The FY83 DOE/AMMRC Ceramic Materials 
Trogram is targeted at signif Icantlv advancing 
the state-ot-the-art in critical areas of; 

e Ceramic Life Prediction Methodologv 
and Data 

9 New Ceramic Materials Development 

o Process Development 

e New and Improved Materials Screening 

for advanced gas turbine and diesel engine 
application. 

We look forward to reporting significant 
result.s in each of these areas at the next 
Contractor's Coordination M<eeting. 
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Sintered Si^ for 

High Performance Thermomechanicaf 

Appiications 

Wayne D. Pssco end Charter D. Greskovich 
General Electric Co. 
Corporate Research and Development 
Schenectady, NY 


f The gas presswt; sintering (GPS) process for 
I dense (>99%) Si,N(^ containing "'^7% BeSiN, and '\-3.5 
I w/o oxygen as sintering aids was scaled-up to develop 
a proi>erty data base for use in thermomechanical 
applications at high ('^1300°C) temperatures. The 
fracture strength in 3-f»t bend for test bars ''-0.6 x 0.6 
X 4.5 cm was '-440 MPa (63,700 psi) for a span length 
of 3.8 cm. There was little drop (<1596) in high 
temperature strength at 1400°C in air. The^creep 
resistance was outstanding at 1300, to. 1400 C, as 
evidenced by creep rates of "^4 x 10'^'* for a sttess 
of 207 .VlPa (30,000 psi) at 1400 C and x 10‘V 
for a stress of 345 MPa (50,000 psi) at 1300°C, and a 
total creep strain of 0,11% for a SijN^ bar exposed 
for 650 h under an applied stress of 345 MPa at 
1 300°C in air. The oxidation rates in oxy^n were 
very low and were 7.4 x 10"*^ and 2.1 x lO'^^Kg'^m" 
S' at 1300 and 1405®C, respectively. 
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1. INTRODUCTION 

GENERAL ELECTRIC CORPORATE Research and 
DevelofHnent, under contract with AMMRC 
(DAAG46-81-G-0029), is developing sintered Si,N(^ 
for high performance thermomechanical applications. 
In a previous contract (DAAG46-78-C-0058) a 2-step 
gas pressure sintering (GPS) process was developed to 
yield sintered Si.Nj^ vnth a density of >99% of 
theoretical. TypicaT application of the 2-step GPS 
process consists of first sintering the sample to 
closed porosity at ’'21()0®C under 2 MPa N- for 
minutes followed by a second step at 195D-2100 C 
under 6.9 MPa N- for -30 minutes. Those sequences 
)ield Si-N. with‘a density >99% and weight loss of 
' 2%. purpose of this current contract was to 

scale-up the process to produce test bars ('>-0.6 x 0,6 
X 4,7 cm) to generate a data base for this material. 
The composition which was studied contained Si ♦ 
7% BeSiN2 ♦ 3.5% oxygen. Artother ol^ective of this 


contract was to - ore fully understand the GPS 
process which is becoming more widely used by other 
institutions. 

II. PROPERTIES OF GPS SijN^ 

Table 1 presents a comparison of properties 
achieved for small (0.2 x 0.2 x 1.9 cm) and large (0.6 
X 0.6 X 3.8 cm) test .specimens of GPS SijN^. Small 
specimens were fired in a small high pressure sinter- 
ing furnace with a 2.5 cm diameter x ''A cm long hot 
zone. Large specimens were fired in a large, high 
pressure sintering furnace with a 9 cm diameter x 10 
cm long hot zone. 

TAetE 1 
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The room temperature modulus of rupture for 
the smaill specimens was 597 MPa with a WeibuU 
modulus (m) of 8.3 as compared to 440 MPa with an 
m=7,8 for the large specimens. The decrease in 
strength with increasing size is consistent and in good 
agreement with stressed volmne scaling theory, SEM 
exaniination of fracture origins revealed that porous 
regions < 100 -m or inclusions in the bulk are respon- 
sible for failtre. Improved processing will be requir- 
ed to eliminate these flaws. Approximately 90% of 
the room temperature strength is maintained up to 
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1400®C and above that the strength drops rapidly to 
"^50% of the room temperature strength at 1500°C in 
adr. The oxidation resistance of the GPS Si.Nj. was 
extremely low between 1000 and 1500°C. Typically, 
tte parabolic rate cpru^ants ranged between 1 x 10 
and 6 X 10* kg^m’^S*' at temperatures between 

1300 and 1500°C in air. The scaled-up material 
displayed virtually the same oxidation behavior. A 
thin oxide scale of alpha cristobalite was coherently 
bonded to the GPS Si 2 N^and no catastropic oxidation 
was observed at 1000“C m air after ^-100 hours. 

The fracture toughness of GPS Si-N^^ measured 
by tha -microhardness indentation mefl^ was 2.9 
WNm"^'^ and compares with 3.7 MNm" ' measured 
for NC-I32 Si-N^ . The Vicker's hardness number 
was '''1650 Kg/rntn^ for a load of 500g. 

The creep resistance of GPS Si^N^, was excel- 
lent and represented by steady- state crtep rates cf 
4.5 X lO*'^ and 6.9 x 10* h*‘ at 1300 and 1400 
respectively, for an applied stress of 69 MNm 
(10,000 psi). No degradation in creep resistance was 
observed for the scaled-up material. In fact, a 
sample of the scaled-up material was stressed at 207 
MNm*'^ (30,000 psi) for 125 hrs at 1300°C, 91 hrs at 
1350®C arKl 51 hrs at 1400°C. The temperature v/as 
then dropped to 1300®C and the load was increased to 
345 MNm*^ (50,000 psi) and specimen survived for 
650 hrs without failure, a result not previously de- 
monstrated. T)ie measured creep rate was observed 
to decrease with time ^d .an averse creep was 
determined to l>e 2 x 10*”h*^ at ISOo'x with a load 
of 345 MNm* . Figure 1 compares the creep rate, , 
of GPS Si,N^ vrith NC-132. It is apparent that the 
creep resistance of GPS Si,Nj. is high. For example, 
stress rupture testing of GPS 5i,N,^ is currently being 
conducted at AMMRC by G. Quinn. One sample has 
been on test foi- over 5000 h at 1200°C with a load of 
275 .MPa (40,000 psi) in static air environment. The 
specimen is still on test and negligible creep (<0.1% 
strain) has been observed. 

The creep mechanism was interpreted in terms 
of a creep stress exponent of '.2.1, an enthalpy of 
activation of "600 K3/mole. Microstructural obser- 
vations showed the formation of isolated cavities in 
the glassy phase pockets at 3-grain intersections in 
the tensile region of creep specinr ns. Figure 2 
shows that interconnection of these cavities occurs 
along grain faces as the total creep strain increases. 
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Figure 2 - Link-up ot intergranular cavities that 
cause grain boitndar) separation and crack growth in 
the tensile region oi a creep specimen of GPS 
which ruptured at l^GQ C alter accumulating 0.57*^ 
strain* mag, t ^,000XL 
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m. SINTERING OF GPS SijN,^ 

(A) POWDER PREPARATION AND PROCESSING - 
Batches of sinterable Si^N^ were prepared in 'v-200g 
amounts using Sylvania SN502 Si,Nj^ and 7 wt% 
addition of the densification aid, BeSiN-, (prepared 
in-house by reacti^ an equimolar mixturt' of Be-N 2 
and Si,Nj;j at 1600^ under 2 MPa of N 2 gas). The 
powder batches were wet processed to yield final 
powder mixtures having specific surface areas ''^10 
m^g* , oxygen contents ni.g wt% and other major 
impurities of Fe (n-250 ppm) and Cl ( <600 ppm). 
Powder compacts with relative green densities near 
53% were prepared by isostatic pressing at 200 
MPa. 

It was found that compacts of the initial com- 
position require '^3 to 4 wt% oxygen for high sinter- 
abili.y. This increase in oxygen content was achieved 
by controlled oxidation at 1000- 1050°C in air. Here, 
the weight gain of a compact is carefully measured 
and results primarily from the oxidation of BeSiN 2 
and some Si^N.. 

(B) EFFECT OF TEMPERATURE IN THE SECOND 
STEP OF THE GPS PROCESS - In our earlier work a 
2-step gas pressure sintering (GPS) process was de- 
veloptKl which, yielded Sij.N;^ with >99% density. 
.Mthough the effect of pressure on the densification 
kinetics during the second step of the GPS process 
nad been investigated, the effect of temperature had 
■ot been fully explored. To better understand the 
Second step of the GPS process, a series of Ig 
cylindrical specimens (0.9 cm dia. x 1.0 cm high) 
were fired. The conditions of temperature, pressure 
and time for the first step were kept constant at 
2145°C in 2.2 MPa of N 2 for 30 minutes and yielded a 
final density of 92.3% and a weight loss of 0.44%. 
Specimens were fired individually with the para- 
meters of the first step held constant and the para- 
meters of the second step varied, but only with 
respect to temperature. The pressure was maintain- 
ed at 2.2 .MPa rather than increased and the iso- 
thermal soak time was 30 minutes. The soak temper- 
ature of the second step, final density and weight loss 
are summarized in Table 11. 
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The first step of the process yielded a density 
of 92.3% at which point closed porosity was obtained. 
By increasing the hold time from 30 to 60 minutes 
under the defined conditions of the first step, the 
density only increased to 93,6% and the weight loss 
doubl^. By maintaining pressure constant and de- 
creasing the tempcira.ture, tite density reached a 
maximum of 99.9% at 1955°C. The density decreas- 
ed as temperatiffe was decreased to 1905 C. 

The point to be emphasized is the unusual result 
of increasing density and weight loss with decreasing 
temperature. The first step of the sintering process 
requires heating the specimen contairung 7 wt% 


BeSiN 2 and ''. 3.5 vvt% oxygen to 2145°C, in 2.2 MPa 
of N 2 for 30 minutes. This treatment prevents the 
thermal decomposition of Si,N. due to high N 2 
pressure while permitting a liquid phase of unknown 
composition to form. The liquid is believed to be a 
beryllium-silicon-oxynitride initially, which promotes 
liquid phase sintering. As the Si,N. dissolves, trans- 
ports through the liquid and precipitates out, the 
compact densifies and decreases its specific surface 
area. It is believed that the precipitated S-Si,N. is 
in fact a B-SijN^ solid solution containing significant 
amounts of Be and O as confirmed by x-ray analysis. 
It has been observed that the densification proceeds 
to a^limiting" density of "'-93.6% after 60 minutes at 
2145°C. Further iiKreases in temperature may pro- 
vide additioneil liquid phase to permit further densifi- 
cation, but probably at the expense of the mechanical 
properties due to increased grain size. 

The sintered specimens shov/n in Table II were 
polished, chemically etched and examined with 5EM. 
Figure 3 shows the microstructure of sample SN502- 
95-12 which had bee.'", fired at 2145°C, 2.2 MPa, 30 
minutes. This contrasts with Figure 4 which shows 
the microstrurture of SN502-‘’5-13 which had been 
fired at 2145°C, 2.2 MPa, 60 minutes. The most 
prominent observation is the large increase in grain 
size caused by a 60 minute soak over the 30 minute 
soak. It is believed that the grain growth and 
concomitant pore coalescence are the cause of the 
observed "limiting' density (".93.6%) which occurs 
when the 2145^0 Isothermal hold is extended to 
longer times. The increase in grain size indicates 
that the time and temperature parameters 01 th« 
first step of the GPS process are important in con- 
trolling the final grain size. Figure 5 slxsws the 
microstructure of S.N502-95-14 which was fired at 
2045 C, 2.2 MPa, 30 minutes in the second steo and 
achieved a density 97.9%. The grain size is sn.aller 
than that shown in Figure 4 indicating that decreas- 
ing the soak temperature in the second step not only 
increases the fired density but serves to maintain a 
smaller final grain size. Smaller grain size was 
observed far sample SN 502-95- 15 (Figure 6 ) v/hich 
was fired at 1995°C in the second step to a density of 
9S.7% and for samole SN 502-95- 16 (Figure 7) which 
was fired at 1945°C to a density of 99.9%. By 
decreasing the soak temperature in the second step 
to 1905°C, the density dropped to 93.8% and no 
further gains were available at lower temperatures. 

The reason for the increase in fired density 
with decreasing soak temperature at constant pres- 
sure during the second step of the GPS process is still 
not fully understood. However, one possibility for 
the increased densification is the increased solubility 
of the N 2 trapped in the closed pores with decreasing 
temperature. If tfie N 2 solubility in tlie liquid phase 
increases with (tecreasing temperature, then the gas 
pressure in the pores will Decrease and thus remove 
the barrier to pore closure and densification will 
proceed. The equilibrium composition of tlie liquid 
phase as a function of temperature is not known and 
therefore only speculation as to composition clianges 
is possible at this time. 
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Figure - SEM phoKomicrograph ol sample 5N 502-9 V 
13 which was fired at 2H5 C under 2.2 MPa on N, 
for 60 iTunutes. 


Figure 6 • SEM photonucrograph ol sample >N >02-95- 
i5 »nich was fired at C under 2.2 MPa of \_ 

lor 50 .rmujtes in ifie 1st step and 1995'^C under 2.f 
MPa lo«’ 30 «mi>utes m the 2nd step. 
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C. EFFECTS OF SOAK TE.MPERATCE ON DEN- 
SITY IN THE FIRST STEP IN THE 2-STEP CPS 
PROCESS - Sintering experiments were conducted on 
Batch SN 502- 100 to determine how low the soak 
temperature in the first step of the GPS process 
could l>e and still obtain closed piorosity. It is the 
sintering time and tem[>erature in the first step 
which predominantly controls the final grain size of 
tlie sintered specimen. From ttte standpoint of 
achieving SijN^ ceramics with high modulus of rup- 
ture, it IS essential to minimize the final grain size. 
It was anticipated that if closed porosity could be 
achieved in the first step then the application of high 
N, pressure in tlie second step would result in pore 
closure and a high density specimen. Closed porosity 
occurs at 92% density and the results of the sinter- 
ing e.xperiments are presented in Table III. 
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,-\ sintering temperature of at least 1980°C in 

the first step was re<|uired to obtain dosed port»itv. 
A spethmen (5N 502- 100-5') was then fired at 2000*X 
for 30 minutes under 315 psi of N, in the first step 
and for 30 minutes under 1000 psi of N^. 

.Although the fired specimen had achieved cIosm 
porosity in the first step, it did not go to full density 
upon application of high pressure. It was again 
observed that the weight loss increased with decreas- 
ing temperature in the second step. .A series of 
experiments was conducusl wherein the soak temper- 


ature in the first step was increased and the condi- 
tions i- the second step were kept constant at 
1950°C for 30 minutes under 1000 psi N-* The 
results are presented in Table IV which show/ that by 
increasing the sintering temperature in the first step 
to 2095 C it is possible to attain a final density of 
> 99%. 

TAN.E IV 

i%t S wp Step 

2000^, >0 >i0 n mtn, 1000 pti 

1 NVU -10 zurc. » ™u>. 120 |U » nun, 1000 ;»i 

WH02-11 20«)“c. » mtn. >20 |W HS0°C. >0 nun. 1000 |U> 

1N)02-I> .wyT:. lOnun. 1»[1U l»*>“c, » mill. 1000 pu 


£.1* 

n .0 1.52 

56.5 l.« 

5».» 1.51 

55.1 2-52 


It was observed that the soak temperature in 
the first step must be 100°C above the temperature 
at which closed porosity occurs if > 99% density is to 
be realized in the second step. The reason for this is 
not totally clear but it is believed to be associated 
with the amount and/or composition of the liquid 
phase developing at these high temperatures where 
no phase diagrams are available. 

IV. SU.VIMARY 

Sintering of Si,N^ with 7 wt% BeSiN, and '-3.5 
wt% oxygen additions has been demonstrated to yield 
densities >99% of theoretical using a 2-step GPS 
process. The process has been scaled up succissfully 
with no degradation in (1) the modulus of rupture at 
room temperature or elevated temperature, (2) creep 
resistance, or (3) oxidation resistance. Sintering 
studies have reveiiled that the chemistry of the 
system is complex and no phase equilibria data is yet 
available at the temperatures of interest. 

V. FUTURE WORK 

Future work will continue to address new addi- 
tives which will enable reduction or elimination of 
BeSiN- from the system. The key issue will be to 
find an additive which will density Si,.Nj^ and still 
maintain the excellent properties whitm nave been 
demonstrated vmh the BeSiN ^ additive. Other ave- 
nues of investigation will be improved processing 
techniques and a reduction in final grain size in order 
to increase the absolute strength of these Si~N^ 
ceramics. ^ 
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Hfglitights in the Development 
of the KTT Automotive Gas Turbine 

Sv«ti-Olo( Kranogurcl 

United Turbine 
tAaJmo. Sweden 


To provide sffltie background and orientation, 
the raain features of the KTT (Kronogard Turbine 
Transmission) System are reviewed and 
illustrated. Then a few coMients are included 
about component and subsystems develoi-ment 
before the Mark I engine and vehicle testing 
are simwsarized. The outlook for the Mark II 
engine i s assessed. 


FEATURES OF THE KTT SYSTEM 

The KTT System is a very compact 
three-shaft regenerative gas turbine engine 
closely integrated with a very simple 
transmission. Fig. 1 is a photograj^ of the 
coKiplete engine and transmi ssi on - the KTT 
Mark 1 engine. 

A cross section of the engine-transmission 
system is shown schematically in Fig. 2. The 
arrangement is somewtrat similar to a free power 
turbine with the veo' important exception that 
a third, auxiliary turbine is added after the 
power turbine. The auxiliary turbine provides 
additional torque through the planetary gear 
set back to the compressor turbine shaft and to 
the power turbine shaft. 

This arrangement provides a number of 
advantages: 

• It eliminates the need for a torque 
converter and a number of gears. Higher 
tlian 2:1 torcpje multiplication is achieved, 
hence, higher acceleration rates are 
achieved; acceleration lag is reduced. 

• It leads to a smaller diameter turbine with 
reduced stresses in all three wheels 
particularly the hi^ teaperature first 
stage wheel. This allows for early 
application of ceraaic materials in the 
hi^ teoperature turbine fcS^eel. The whole 
arrangement leads to reduced size and 


weight of the whole engine package. 

• It moves the torque converter function out 
of the transmission and into the gas path 
allowing the recovery of some 80 to 90% of 
the torque converter losses which are 
usually dissipated in the transmission oil 
cooler. Thus, energy losses froin the power 
turbine are recovered both in th^ auxiliary 
turbine and in the regenerator (see 
schematic diagram in Fig. 3). 

It permits more flexibility in the 
aerodynamic design of the turbines. This, 
plus use of variable geometry, gives higher 
efficiency particularly at part load. 

Further comparison of the KTT three-shaft 
systeni with conventional single and two-shaft 
systems is given in the schematic sketches in 
Fig. 4. As indicated by the Roman numerals, 
there al'ways seems to be the equivalent of 
three snafts regardless of the configuration. 
Having worked also with single- and two-shaft 
engines, it has been readily apparent that the 
three-shaft engine with the much sitspler 
transmission has always led to a simpler, 
smaller, or more compact engi ne-transmi ssion 
package. Further evidence of this is sh«>m in 
Fig. 5 where all of the parts of the KTT Mark I 
eng ne are compared with all of the parts of a 
cwTparable production ¥-6 piston engine and 
transmission (taken out of the Volvo). A 
silhouette comparison of the two engines is 
shown in Fig. S, 

The fully equipped KTT Mark I engine 
installed in a standard Volvo 264 automobile is 
shown in Fig. 7. The size of the engine 
compartment could be reduced considerably, 
particularly since no radiator is required. 

COMPOHEMT TEST AWO DEVELOPMENT 

A photograjrti of the ctaipressor and diffuser 
is given in Fig. 8 showing the backswept 
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- torque from compressor turbine 
Tp^, - torque from power turbine 

- torque from auxiliary turbine 
^X+Y 

“ torque transferred from auxiliarv 
turbine to compressor turbine 
T^, - torque transferred from auxiliary 

turbine to power turbine 

Fig. 2 - Basic KTT Systea Configuration 
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Fig. 3 - Schematic of KTT Dual Ene»"gy Recovery 



Fig. 4 - Different Autwsiotive Gas Turbine Drive 
Trai ns 
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Fig. 5 - Parts of KTT Systest ami of Production 
6-Cy1inder Piston Engine and Transsission 
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Fig. 6 - Profile CosHparison of KTT fterk 1 
Engine and V-6 Piston Engine 











Fig. 9 - Co.Bpressor and Diffuser on Test Stand 
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iopeller blades and straight diffuser vanes. 
Current peak efficiencies are typically in the 
80S range (soiaetiaes a few points more; 
soaietiiBes a few points less) with a wide 
operating range. Continuous test and 
development are in progress to further broaden 
the range and improve part load efficiency. 

Much ticKt and effort have been devoted to 
i nstruaentation and measuring equipment to 
determine the details of Mow and mechanical 
behavior in these tiny, very high speed 
components. Very small probes powered by 
servo-motors are moved in and out and rotated 
very precisely to accurately probe the flow in 
nozzles, ducts, and critical flow passages. 
Direct high speed torque measurement e<^i[»3ent 
and techniques were also developed with an 
English coi^any. Also special test rigs were 
developed wherein subsystems such as the power 
turbine and the auxiliary turbine can be run 
and loaded independently and together, so that 
coraplete performance naps can be generated for 
each component and so that component 
interactions can be studied. Another test 
stand called the hot section test rig is set up 
with a motor and a burner so the speed and 
temperature of the first stage nozzle and wheel 
can be varied independently. 

Two turbine test wheels are shown in Fig. 9 
- one is a forged powder metal Pratt & Whitney 
Gatorized wheel; the other is a cast wheel. It 
should be noted that metal component 
developments are not standing still; there are 
many interesting improvements emerging. 
Ultimately, however, 't is believed that 
ceramic materials will be necessary at least in 
stationary hot section parts. Ceramic material 
in the rotor is also very desirable. But. even 
though we have run a ceramic wheel in a turbine 
powered car, ceramics still have a long way to 
go. 

Ceramics are expected to be used in several 
areas including: heat exchanger cores, 

insu'ation systems (such as that of FOSECO) for 
housings, ducting, shrouds (for clearance 
control), nozzles, and burner liners. Fig. 10 
shows a KTT rotor system with a ceramic 
compressor turbine wheel (hot pressed silicon 
nitride, developed in cooperation with ASEA), a 
ceramic burner liner (REFEL Si C, developed 
with BMFL), a silicon carbide (developed in 
cooperation with Carborundum) nozzle ring, and 
an injection molded silicon nitride turbine 
wheel (also with ASEA). Fig. 11 shows two 
injection molded ceraasic wheels, one in the 
green form (before processing); the other is a 
hot pressed silicon nitride viheel. 

While many of these cosponents are now 
running or scheduled for test, our efforts have 
concentrated priaarily on the ceramic wheel, 
i^thods for fastening the wheel to the shaft, 
the nozzle ring, and the clearance control 
shrouds. Ceraaic wheel developssent has evolved 
fros! rudii^ntary simulated wiieels to a 24 blade 
aerodynaraic »<hee1 which actually drove the gas 
generator in the hot test rig, to a 33-blade 


wheel which was used for engine test and for 
the first road tests which took place in 
February 1982. The car is shown in Fig. 12. 
With the United testing to date, we have not 
experienced a ceramic turbine wheel failure in 
an engine. Of course in spin pits and test 
rigs, parts are tested to their limits. A new, 
37-blade wheel is being prepared for hot rig 
testing. It has blading almost identical to 
that of the metal wheels. With this wheel we 
should begin to realize the full performance 
potential of the engine. Although the ceramic 
material still needs further improvement, it 
shows considerable promise. 

The bar chart in Fig. 13 shows how the 
stresses, inertia, and size of the first stage 
turbine in a 3-shaft machine compare with those 
of a two-shaft n»chine. A 20 to 30% reduction 
in stress is possible - even more reduction is 
possible if compared to a single shaft 
machine. The reduced size also implies lower 
cost. 

EMGIME AND VEHICLE DEVELOPHEMT 

The KTT, Mark I engine continues as the 
primary research and experimental engine for 
the routine test and development necessary to 
advance the technology and to demonstrate the 
integrated behavior of the KTT system not only 
on the dynamometer, but also in the full scale 
production vehicle on the chassis dynamometer 
and on the road. By the end of 1981, the 
vehicle had covered the equivalent of more than 
10,000 miles of operation including more than 
2000 miles of actual road tests. 

It might be noted that many questions were 
raised at the beginning of this development 
about th€‘ need for special control elements for 
the auxiliary turbine and special balancing and 
vibration control for the three-shaft system. 

As we suspectod, no special or added control 
elements are needed. The same control as that 
used for a conventional two-shaft, free power 
turbine satisfies the requirements. Also no 
special problems with rotor balancing or 
vibrations have been encountered. Development 
has been free of bearing and gear failures. 
Operation is smooth and automatic. 

The KTT Mark II engine represents the next 
generation of the KTT system and it is expected 
to oe a pre-production prototype. Tlie Mark II 
contains all of the key features of the KTT 
systWB, however, it has many changes aimed at 
reduced cost, smaller sire (down-rated) for a 
compact vehicle, and higlier fuel economy. The 
closely integrated transmis-sion is aimed 
primarily for front vdieel drive. It includes a 
differential, but it also provides four-wheel 
or rear-tsrtieel drive options. It has only one 
regenerator core. Fig. 14 shows both the 
Mark 1 (right) and Mark II engines along with 
the basic rotor system and a regenerator core. 
Figs. 15 and 16 show outline and 
cross-sectional sketclies of the KTT Mark II 
engine. A nock-up of the Mark II is shotm in a 


218 




Fig. 9 - Two Turbine VSieels; Left is a Forged. 
Pofcsler Ketal (6a tori zed) fcftiee); Right is a 
Conventional Cast Wheel (INCO 713LC) 
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Fiq. 10 - KTT Rotor System - First Stage 
Turbine Wheel is Hot Pressed Silicon Mitnde; 
Kozzle Ring is Silicon Carbide; Bwner REFEL 
Silicon Carbide 
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Fig. 12 - Volvo 264 Automobile with KTT 
Autoffiotive Turbine Installed. This was the 
first car in the world to operate on the road 
with a ceramic turbine wheel in the engine. 
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Fig. 13 - Relation Bet^en Turbine Rotor 
Stress, Volurae and Inertia for Two and Three 
Shaft Systems 



Fig, 14 - KTT Mark I (Right) and KTT Mark II 
Engines - Rotor System and Regenerator Core in 
Foreground 
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Fig. 15 - KTT Mark II Sas Turbine Engine with 
Integrated Transmission and Front Wieel Drive 



F^g. 16 - Advanced Version of KTT Hark II with 
Complete Drive Train (Section Line A-A of 
Fig, 15, H = Horizontal and V - Vertical 
Sections) 
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vehicle in Fig. 17. Ue are about rea<ly to 
start detailed design of the KTT Mark II engine. 

COMCLUSIONS 

The KTT System, through close integration 
of the engiwj and transmission, leads to a very 
compact, light-weight, efficient drive train 
with fewer parts and very favorable torque 
characteristics. This small power package is 
compatible with even smaller compact vehicles. 
Cost estimates to date indicate that this 
engine will be in the same price class as 
comparable gasoline piston engines at the same 
annual production rates. The basic simplicity 


and long life characteristics of the turbine 
engine should result in low maintenance costs. 
The three-shaft configuration gives high fuel 
econoBjy, high specific power, and rapid 
acceleration (due to low inertia). The lower 
stresses will make it easier to introduce a 
high temperature ceramic turbine wheel at an 
early date further enhancing fuel econoiqy. 
Ultimately the turbine is expected to provide 
diesel competitive (or better) fuel econoniy 
(Fig. 18). 

The presentation concluded with a short 
movie showing operation of the KTT, Hark I 
engine installation in the Volvo 264 automobile 
operating in Malmo and surrounding countryside. 
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Fig. 17 - Mairk II Gas Turbine Drive Train Hock 
Up in Car 
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Fig. 18 - Fuel EconoBty Potential of tCTf Gas 
Turbi ne 
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QUESTION AND ANSWER PERIOD 


Q; What is the power level of the KTT Mark I 
engine? Have you run any CVS cycle tests 
for fuel econosy and emissions? 

A: The Mark I is about a 100 KW engine. It is 

presently running at a somewhat lower level 
as yet. From in-house chassis dynaanoireter 
tests on Xi\e Federal Driving Cycle, we are 
getting rtilatively close to the spark 
ignition engine fuel economy levels. It is 
still too early to divulge specific 
niBnbers. Both types of engines are moving 
targets. Only certain types of emissions 


have been measured. Detailed ineasureinents 
have tMien postponed for future parts of the 
development program. 

Regarding future fuel, based on component 
tests and studies, initial fuel econo^ 
will be competitive with conventional 
piston engine powered cars. In the long 
run, considering emissions, particulates, 
etc., we expect to equal and surpass diesel 
powered cars. The gas turbine should be a 
winner in many areas of application. 
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DOE /NASA 

Heavy-Duty Transport Technology Program 

Harry W. Davison 
National Aeronautics ar>d Space Administration 
Lewis Research Center 
Cleveland, OH 


ABSTRACT 


This new program is intended to provide a 
technology base for industry to use in develop- 
ing heavy-duty transport engines. The program 
focuses on advartced diesel engine technology, 
waste heat utilization, materials, and tribology. 
Applications notices were sent to industrv to 
encourage their ideas ami par r ic i pat ion . An 
excellent response was received as indicated by 
the receipt of over 80 proposals addressing var- 
ious research activities applicable to heavv-duty 
transport. Tiie program organization, current ac 
tivities, and funding expectations an presented 


V 

:/ 


STUDIES BY THE OEPARTMEN^r OF ENERGY project the 
use of fuel in the year cOOO by medium- and 
heavy-dutv trucks and bv commercial buses to be 
approx imate Iv nO percent higher than in the vear 
1980. Because of this trend there is a need to 
focus attention on methods of improving the 
energv efticiencv i* heavv-dutv e'ngines, which 
are tvpicallv diesel engines. Only aoout one- 
third o: the tael t-nergv expended in current 
diesel engines is converted to usetul work. 
One-thiru is rejected to the cooling system, and 
the remaining one-tniru is iissipateci in the 
exhaust . 

Current efforts vire directed toward methods 
ci increasing the t'^action of useful work per 
.ni: o: fuel energ" consumevi, A potentially 
attractive approach to achieving this objective 
is to extract additional useful work from the 
exhaust bv using a turboexpander or other bottom- 
ing cycle. Further gains in useful work can be 
achieved by insulating the engine, where major 
heat losses occur, therebv eliminating the water 
cooling svstera, raising the exhaust temperature, 
ar*d increasing the potential to extract more 
work from the exhaust. This is the coiKcpC of 


Work perform»:^d for 
Energy under Inter^igency 
lOll. 


U.S, Department of 
Agreement EC-77-A-3 1- 


the adiabatic engine. Additional gains can be 
achieved by minimizing friction losses in 
mechanical components. This approach to improved 
diesel engine efficiency is being investigated 
by American and foreign engine manufacturers. 
Cummins Engine Company under contract with the 
Arwv Tank Automotive Consnand (TACOM) has achieved 
significant reductions in specific fuel consump~ 
t ion by eliminating water cooling in a turbo- 
charged and turbocompounded engine. They project 
up to 40 percent fuel savings by reducing heat 
loss and friction loss. The Japanese Kyoto 
Ceramic Company in cooperation with Isuzu Motor 
Company has successfully operated an uncooled 
:eramic version of a diesel engine. In spite of 
these achievements, the adiabatic diesel is not 
vet ready for conanercial development. To over- 
come the technological barriers preventing com- 
mercial development, DOE created the Heavy-Duty 
Transport Technology program. 

OBJECriVES 

The objective of the Heavy-Duty Transport 
Technology program is to provide a technological 
base tor industrv to use in developing advanced 
heavy-uuty transport engines. This program will 
focus on advanced diesel engine technology and 
will include the investigation of advanced 
concepts, component changes and improvements to 
basic engine concepts, and improved Curbocom- 
pounding or bottoming system technologies re- 
quired to maximize engine perfonaance and fuel 
economy. 

APPROACH 

Although the planned program approach is to 
focus on adiabntic diesel engine technology for 
long-haul trucks, this technology is expected to 
be applicable to a vide variety of applications 
including marine, railway, and pipeline systems. 
Initial activities will include engine system 
studies and the beginning of long-lead-time 
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research and technological development. Con- 
tracts will be let for component and materials 
technology development and for evaluation of 
various waste heat utilization concepts. No 
engine testing is anticipated in the initial 
stages of the program. Industry participation 
in the identification of critical technological 
barriers is encouraged. Initially industry par- 
ticipation was sought through the use of appli- 
cations notices. 

The cpplicaicions notices provide a notifi- 
cation of opportunities chat may exist within a 
program area. They contain a “Dear Colleague** 
letter stating the program area, the approximate 
level of planned budget, and the persons to con- 
tact. The applications notices also describe 
Che program and opportunity areas and the guide- 
lines for submission of unsolicited proposals, 
h ach 'insol ic i cecl proposal is reviewed and eval- 
uated on its own merits and is treated according 
Co prescribed NASA procedures for unsolicited 
proposals. Research activities can be conducted 
under contrac ts , grants, or interagency 
agreements . 

STATUS 

In February 1982 two applications notices 
issued by the NASA Lewis Research Center were 
announced in Coiamerce Business Daily: **Heaw- 

DuCv Diesel Engine Technology Program” - ANiLERC: 
82-b; and "Advanced Waste Heat Utilization Pro- 
gram for Heavy-Duty Transport” - AN : LERC: 82-C. 
About ^00 sets of these notices were distributed 
to industry and academic institutions. Over 80 
unsolicited proposals (about $23 million of re- 
search) have been received in response to these 
notices. These proposals, ideas, and suggestions 
were received from a broad spectrum of industry 
and academic institutions. However, acceptance 
ot the large number of superior ideas would 
greatly exceed our funding capability. The cur- 
rent plan is to let about 15 contracts with S-3 
million of fiscal year 1982 funding. 


ORGANIZATION 

The ideas » concepts, and suggestions re- 
ceived from the applications notices, along with 
a requirement to conclude demonstration activi- 
ties funded previously under the Vehicle Systems 
program, led to the formulation of the Heavy-Duty 
Transport Technology project organization illus- 
trated in figure 1. The DOE/NASA Heavy-Duty 
Transport Technology project managed by the NASA 
Lewis Research Center consists of three primary 
tasks: projfict management, advanced engine tech- 

nology, and supporting research and technology. 
Project management tasks include planning and re- 
porting requirements to support the DOE program 
and concluding the current contract activities 
at Cunmins on the turboc ompounded diesel and the 
Therrao Electron Corporation (TECO) organic Rank- 
ine bottoming cycle. Status reports on these 
activities are also presented in this meeting. 

The advanced engine technology cask will 
include new contract activities to develop tech- 
nology in support of adiabatic diesels, engine 
components, and waste heat utilization systems. 

A contr.act awarded to Cummins will identify 
critical technology needs for a low-heat-re jec - 
Cion diesel engine for automotive application, 
and Che status of that effort will be reviewed 
at this meet ing . 

The third task, supporting research and 
technology, contains more basic research activ- 
ities that will be started with tiscal 1982 
funding in specific areas such as tribology, 
materials technology, systems analysis, and heat 
transfer. Contract negotiations and final eval- 
uations are still in progress, and procurement 
regulations prohibit disclosure of proposers and 
ideas at this time. However, activities will be 
started in each of the areas indicated in 
f igure I . 

The funding for fviture activities in heaw- 
duty transport technology is uncertain. However, 
the activities begun with fiscal vear 1982 land- 
ing will provide lundamental pieces ot te^'hnologv 
and serve a beginning. 



L I PROJECT OFFICE 

L? PROGRAM SUPPORT 
L5V&ilCLl SYSTEMS 
PROGRAM CLOSEOUT 
.ACTIVITttS 


? I ADIABATIC OUSEL 
TECKNJOLOGY 

? ? COMPOf^NT 

UOMOIOGY 
2 3 feASTE HEAT 
OTRIZATION 
?. A LIGHT-DUTY ORSEl 
ASSESSMENT 


3, I TRIBOLOGY 
3 ? MATER1W.S 
) 3 SYSTEMS ANALYSIS 
VAHtAT transfer 


fB)ur« L ‘ y OOE TKnn<^cqy Prag^ 


730 







The Cummins Advanced 
Turbocompound Diesel Engine Evaluation 

John L. Ho^ne and John R . Wernor 

Cummins Engine Co., Inc. 
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Tho turbococn,pound Jiesei engine has been 
under ievoiopmenn at Jumnins ilnqino Company 
since I^7J. Covelopmt?nt reached a mature 
stage foilawina tne evolution of three power 
turbine and aear tram designs. In 1978^ the 
Ce: artmt.-:;t f Cr.t. r;v sponsored a program for 
comp re r . 1 ve . i c 1 v tc 1 1 •! tne turoo— 

oomp'OuiKi -jr.'ii.ne. rx-^r. .oucoc-ssfai oompletior. 
of the vehicle test or'.xjram, an advanced 
tart'ocompomd iiesel engine p'rogram was 
initiated 1 to improve the tank mileage 
of the turtx.i'corrvtx) ^nd ona me by t », over tho 
veh.iclt.,' test er; Tine.-. idigine i.nprovements 
could be real;cL-d :;v increasing the available 
energy : m.e •,-xna..-~ t gas .it tho turbine in- 
let 'itc'r. it in ga.s turbine techniques into 

_mpr O’.’ 1 g t r.o t .maoh i no i'\* e 1 1 1 cienc les , 
and tr.rouun refine^: en.^me c.stom optimica- 
ti. :.. r*.i. • .g • ; ;reso:.t.-> tho individual 

,i:. i ; .c :... . 1 1 ve •. -g r, rmanoo :ai:.s aohiovod 

- ■ / 

..e 

A : wrA.'-’. .;i ■ —’idei'way at laiTuair.s ITnciae 

leci: .\.’i :.n . • i:.ce 1 to ievelop-* t.he turbo- 
compound ii.-sol •.•.ngine. This engine is a 
:.'. rnd ui-. v*. . re .• ip r .■'cator wnio:: is au'.Tiaented 
'wer f. ."S’.iro pv'wer turoine. The 

t'-rci.’.e povvr :e;.orated by means 5t exha’ust 
gas expansion is transfeire.i t'' tno drive tram 
oy mechanigaily Tearing the tower turbine to 
the rear of tho .•rujiksh.a: t at a fixed gpoed 
ratio, A fl.iid .'oupiing is utiliced to sep- 
arate t.no .-ranksnaft torsional vibration from 
the . 11 -jn speed go^arin-g .i..d turoine snaft. 

The laixjratory engin<?or ina development of 
the turt>o>coca pound engine reached a mature stage 
following td:e evolution of t.hree power turbine 
and gear train designs. The next logical eval- 
uation involved ’/enicie pert orriance testing. 
Thus, CjTiiains Engine .'ompan.y or.tered i.nto a 


contract with the Department of Energy in 1970 
which called for a comprehensive vehicle test 
evaluation to ascertain the viability of the 
turbocompound engine for trucks and buses of 
the 1980*s. 

Within this effort, two turbocompound 
diesel engines were assembled and dynamometer 
tested- Both engines met the California 6 gram 
(3SNOX+BSHC) combined gaseous emissions limit 
and achieved a minimum fuel consumption of .313 
ib/bhp-hr and a value at rated power of .323 
Ib/bhp-hr . These engines were then installed in 
Class vm (7 3,000 GVW) heavy-duty trucks to 
determine their fuel consumption potential and 
performance characteristics. One turbocomfxjund 
engine powered vehicle was evaluated at the 
Cummins Pilot Center facility where detailed 
engine-transmission-vehicle tests were conducted 
in a controlled environment. The other engine 
was placed in commercial service operating be- 
t’ween Florida and California for 50,000 miles. 
The results of these tests are reported in t.he 
MA5A technical report CR-159840 and 5AE paper 
So. 510073. T.he most salient finding was that 
tne furbocompounded engines in botn locations 
snowL-d a fuel consumption reduction of IS- Lei 
over the production .STC-400 horsepower refer- 
ence engine . 

During these tests, a number of component 
modifications were inci '"porated in the turbo- 
compout'.d engine which res’uited in fuel con- 
sumption reductions exceeding the expected 
benefit from turoocompounding alone. Through 
previous laboratory testing, it was established 
that a wnefit of 6% reduction in fuel cen- 
si^ption over an equivalent turbocharged and 
aftercooled NH engine was achieved along the 
engine’s torque curve. As the load is reduced, 
t.he gain reduces in value as the available 
ex.haust energy decreases. Using tiiese test 
results, the incremental fuel consi^tsiption 
improvement due to the turbocoffipounding alone 
was 4,2t to S.3% for the interim turbocompound 
engine, dependi.ng upon the terrain or mission 
load factor. 
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The vehicle testing activity described 
above was conducted with the interim turbo- 
compound diesel. The interim nomenclature is 
primarily a distinction regarding the develop- 
ment status of the engine at the time of the 
vehicle test activity. That is, the vehicle 
test engines had known aerodynamic deficiencies 
and utilized modified production components 
to turbocharge the engine. Improvements could 
be realized by increasing the available energy 
of the exhaust gas at the turbine inlet, in- 
corporating current aerodynamic design practices 
into improving the turbomachinery efficiencies, 
and through refined engine system optimization. 
The combined effects of these improvements were 
expected to increase the tank mileage by 5% over 
the interim turbocompound diesel engines. 
Therefore, in ;3eptember of 1980, the Department 
of Energy extended the contract with Cummins 
to continue the development of an advanced 
turbocompound diesel engine. The primary 
objective of this program was to improve the 
tank mi leage o f the advanced turbocompound 
diesel engine by 5% over the interim turbo- 
compound diesel engine. A five-phase program 
was established to achieve these goals and 
enhance the fuel conservation potential of 
the turbocompound diesel : 


Task : 
Task II 

Task III 
Task IV 

Task V 


Baseline Performance Mapping 
Engine Performance Testing 
and Upgrading 

Advcuiced Engine Preparation 
Adveinced Engine Dynamometer 
Testing 
VMS Analysis 


Task I i.ncluded engine removal from the 
Pilot Center test vehicle and installation in 
a dynamometer test cell to establish baseline 
data repeatability. Steady-state performance 
mapping consisting of a matrix of engine speed 
and load conditions was completed along with 
measurement of gaseous emissions. 

Task II included am improvement in the 
fuel injection system along with flow path 
design changes to the exhaust manifold to 
reduce the pumping losses and minimize t.he 
exhaust gas mixing losses. 

T ask III entailed the implementation of 
existing design practices typically employed 
in gas turbine power plants into t.he turbo- 
compound engine turbomachinery, engine system 
optimization, and insulation of the exhaust 
system components. 

Task IV was the dynamometer testing of tJ»e 
advanced turbocotspound engine developed in Task 
III. This included performance mapping to 
assess the performance achieved against the 
interim engine performance at equivalent 
gaseous emission levels. 

Tas k V utilized the performance nap gen- 
erated in Task IV as input to Ctmmins ' Vehicle 
•Mission Simulation (VMS) computer program. VMS 
is an analytical model which predicted the tank 
mileage for the advanced turbocompound engine . 


These results were, in turn, compeu'ed to the 
reference tank mileage predictions of t.he 
interim turbooompound vehicle test engines. 

turbocompound ENGINE DESCRIPTION 

The turbocoogxjund engine was developed from 
the Cummins NH engine. The bore and stroke of 
the NH engine cure 5.5 and 6.0 inches, respective- 
ly. The engine is an inline-six, four cycle of 
8^5 cubic inch displacement, fljpi is supplied 
to the engine by the Cummins PT^ high pressure 
injection system. The turboconpound engine 
was turbocharged, aftercooled, and conve.nt i-o.t- 
ally cooled. 

A number of component modifications .nave 
been made to improve the engine system jerfor- 
mance under turbocompounding conditions. These 
include design changes of the camshaft, valves, 
cyli.nder head exhaust ports, exhaust manifold, 
and turbocharger. Primarily, tnese modifica- 
tions were initiated to reduce the blowdown 
energy losses duri.-.g t.he exhaust phase of t:.e 
cycle and to improve the transmission ef f ici-c.'.cy 
of the exhaust gas from the cylinder to the 
f-rst stage turbine. 

The turbocompound system consists ..f .i 
radial inflow low pressure power turbine to 
recover the exhaust gas energy . This , along 
with its beari.ng cartri.iqe, is ."'rie of three 
separate raodules. The modular concept was 
selected to provide for ease of assembly and 
maintenance. The second module consists of t.to 
.nigh speed gearbox usi.ng involute spur gear me 
to achieve peurt of the necessary speed reduction 
from the power turbine to t.he crankshaft. fab- 
rication is provided by the engine oil system 
and directed by internal oil drilli.ngs. The 
third module is the low speed gearbox w.hic.t 
cc.mpletes t.he speed reduction reqaired. flaid 
coupling is an integral part of this module 
which performs the function of separati.ng the 
high speed geari.ng from t.he crankshaft torsic.tal 
violation. The fl.-wheel housing is an E.A.E. 

No. 1 .housing constructed of cast iron tc 
support the weight of the gear trai.n. The over- 
all increase m e.ngine lenqt.h is one i.nch a.-.d 
the entire system is desig.ned such t.hat it :.ia.. 
be installed in most high horsepower engi.ne 
applications. The design provides for 51t 
overspeed capability and lOOi overspeed burst 
containment . .A sc.tematic of the C'jBmins turoo- 
compound diesel engine is snow, m f igure . . 

The turbocompound engine was rated uov 
brake horsepower at 1900 rpm engine speed wit.h 
lot torque rise to 14i0 Ib-ft at 1300 rp«n. A 
lower operati.ng speed rating wa.s selected to 
take advantage of the low speed torque charac- 
teristics of a t urbocompoiind engine. The 
increase in power rating at a lower engine 
speed was achieved witl-.out increasi.ng tfie 
thermal or structural loading of the recip- 
rocator . 
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Fiq . 1 - C'Jinmir.s :<H t -irbocompound diesel engine 
BASELINE TESTIN’': TasA I 

The inter i.m tor bo com pound engine was re- 
moved from the Cunuains Pilot Tenter tost vehicle 
in April of 1130, This engine and the associat- 
ed turbocom;x;und gear tram were disassembled 
and examined for any ur.due or unusual wear. 
Inspection revealed t:.at the h. igh speed gear 
.•lousing oushii.g .".ad .eicod .m t.".e fluid coupl- 
ing shaft. rile busiii.'.i seizure was caused o;.’ 
the fluid coupl.i:ig .s.haft oottominu in the gear 
housing bushing bore ,iue to improper .stachup of 
the shaft fluid coupling assembly. Due to this 
problem, it was decided to ui’xiate the test eng- 
ine with a revi;=ed turbocompound gear train 
housing wnic.h corrected this problem and also 
eliminated external oil drillings for iabri- 
cation of t;ie gears. 

r'ollowmg the completion of t.ne installa- 
tion of all nece.ssary instramentation, steady- 
state performance mappi.ng consistmg of a matrix 
of engine speed .ind load conditio.ns was com- 
pleted .ilong witn .moas-arement of gaseous 
emissions. Repeatability was achieved -with a 
measured oraxe .stxgcific fuel consumption (bSFC) 
of .32 3 lb, bhp-nr at tne Talifornia '3 gram 
combined emi.ssion leve. . 

.ENGINE PESF'-'R.'IA.NCE TESTING .AND ’..’PGRADING .ash 


A new cast exnaust manifold was designed to 
improve tiie p-ulse conservation of t.he exhaust 
'Dlowdowr . The -unctions at each port connection 
were designed to maintai.n a con.stant area such 
that t.he ox.haust pumpi.ng worh was minimized. 

This manifold provided BSFC improvements of 
.00 3 Ib/bi'.p-nr at rated ixcwer and a .005 Ib/bhp- 
hr at torgue peak pK>wer. The most significant 
BSFC improvements were made at i>art load in the 
1300-1600 rp<n engine speed range. 

A .new iine:ctor camshaft lot^e was designed 
to provide improved infection characteristics 
for the advanc«.vi - urbocompound engine. The ^ 
new can reduced the injection duration by 0.5 


crank angle and increased the injection pressure 
by approximately 3000 psi over the interim base- 
line cam. Hie higher injection pressure and 
resultant shorter duration accelerates the air- 
fuel mixing rate. Performance testing at the 
same emission level resulted in a .002-. 003 lb/ 
bhp-hr BSFC reduction along the torque curve. 

At this point, a performance map was gen- 
erated which showed a BSFC achievement of . 318 
Ib/bhp-hr at rated power, .307 Ib/bhp-hr at 
torque peak p<gwer , and a minimum of . 305 Ib/bhp- 
hr at 1500 rpm. The fuel map is shown in Figure 
2. It should be noted that while a gain of .005 
Ib/bhp-hr was achieved over the interim TCPD 
engine at rated power, significantly larger BSFC 
gains were achieved at part load and at the lower 
engine speeds (1300-1600 rpra) where an engine 
•would typiccilly operate on a level road at 
55 mph. 



rig. 2 - Cpqraded turbocompound engine operating 
speed and load range - .November, 1980 

A 13-mode gaseous emission cycle was also 
conducted to determine the injection timing 
required to conform to the California 6 gram 
(BSNOx+BSHC) gaseous emission limit. The mech- 
anical variable timing wa.s set at 14 BTDC 
dynamic timing for normal operation and 
advanced tx) 21 BTDC dynamic timing during 
light load operation. This produced a 5.86 gm/ 
bhp-hr combined (BSNOx+BSHC) emission level. 

The new performance map was put into 
CaKouns' Vehicle .'tission Simulation (VMS) comput- 
er program to ascertain the tank mileage improve- 
irent over the interim turboctxapound engine. The 
’/MS program input requirement consists of a 
detailed description of the vehicle aind selection 
of a route. TVie SKJdel is capable of adjusting 
to varying au^ieat operating conditions such as 
temperature plus prevailing wind velocity and 
direction. The ’7NS can predict both steady-state 
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performcince as well as transient engine behav- 
ior. Output data under steady-state operating 
conditions includes startability, gradeability, 
and vehicle performance in all the transmission 
gears. The route simulation summary includes 
trip time, average speed, fuel consumption, gear 
shifts, time spent at full throttle, and average 
engine load factor. 

A high degree of confidence in the predic- 
tive accuracy of the VMS model was achieved by 
comparing the interim turbocompound vehicle test 
results with the calculated results of VMS. 
Therefore, the VMS program was utilized for 
predicting performance gains of the advanced 
tur bocorapo und engine. 

A VMS run was made for the Pilot Center 
fuel econcxny route at the completion of Task II. 
This route consists of public roads beginning 
at the Cummins Technical Center in Columbus, 
Indiana, going south through Louisville, Ken- 
tucky, turning east to Cincinnati, Ohio, amd 
returning to Columbus. VMS predicted a tank 
mileage of 5.59 mpg for the upgraded engine 
versus 5.40 mpg for the interim engine, or a 
3.5% upgraded turbocompound engine tank mileage 
improvement . 

ADVANCED ENGINE PREPARATION: Task III 

ENGINE 3YSTE.M OPTIMIZATION - The engine 
cooling system during the vehicle tests utilized 
a two-pump, two-circuit cooling system providing 
a 140 F intake manifold temperature on an 85 
day at rated power. A further reduction in 
intake manifold temperature to 110 F is possible 
with a chassis mounted air-to-air aftercooling 
system. A Class VIII truck engine currently 
in production utilizes this type of cooling 
system. 

The compiarison between engine fuel consump- 
tion along the torque curve for intake meuiifold 
temperatures of 140 F and 110 F is seen in Figure 
3. The fuel consumption benefit of .331-. -'04 
ib/bhp-hr was due to an increase i;i air-fuel 
ratios, resulti.ng i.u improved combustion -offic- 
iency. The air-fuel ratio c.hanged from 14.6 
to 36.3 at torque pea,k power with 110 F I>n' 
while the air-fuel ratio changed from 30.1 to 
30.5 at rated power. 

Insulation of t.he exhaust system to provide 
increased available exhaust gas energy to the 
turbines was evaluated. The externally applied 
insulation consisted of an alumina-sil ica refrac- 
tory fiber blanket. The alumi.na-silica material 
chosen was suitable for continuous exposure to 
0400 F in a normal oxidizing aUiiosphere . 

Insulated versus non- insulated engine p'er- 
formance testing was completed using the blanket 
to externally insulate the exhaust manifold, 
charge air turbine volute, and interstage duct- 
The temperature increase at the c.harge air tur- 
bine was 10 F while t.he gower turbine inlet 
showed an increase of 15 F. This was due to 
the cumulative effect of heat loss reduction 
over the exhaust manifold, charge air turbine 
and interstage duct. The increase in exhaust 


gas enthalpy provided a reduction in fuel con- 
sumption of approximately .002 Ib/bhp-hr along 
the engine's torque curve. The fuel consumption 
for the turbocompound engine is shown in Figure 
4 for the insulated and non-insulated config- 
urations . 
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Fig. 3 - Intake .manifold temperature comparison 
torque curve; BSFC vs. engine speed 
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Eng«ie tRP44) 

.-'ig. 4 - TCPD - 450 performance data: Insuiateii 
vs. non-insulated exhaust system 

FREi: PCWER irRBINE - The Phase III furbo- 
cosspound ixower turbrne shaft was supported by 
semi-floating journal bearings. The ;)ournal 
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bearing power turlaine was tested on the turbine 
aiap steind. Bearing losses were measured by 
determining the heat rejection to the oil from 
the bearing housi.. . This is accomplished by 
accurately measuring the oil flow to the bearing 
housing and the bulk oil temperature rise across 
the housing. Heat transfer effects were mini- 
aiized by using a turbine inlet temperature which 
was approximately *?5(J f resulting in a minimum 
temperature differential between the test unit 
and the inc\oming oil. 

A protot'.'pe ball bearing supported power 
turbine shaft was designed to determine the po- 
tential reduction in shaft mecranicai losses 
compared to the journal bearings. The oall 
bearing arrangement incorporated spring loaded, 
angular contact ball bearings. The design used 
a modified ai'-^minum bearing housing with an 
increased bore to accommodate the larger bearing 
carrier. The bearing carrier is steel and does 
have radial clearance within tne housing to pro- 
vide Oil film damping. The carrier also incor- 
porates lube orifices which target a jet of oil 
on the inner race of each bearing. The lube jet 
method requires accurate targeting of the flow 
to get the oil into tne bearing working against 
the aerodynamic resistance of the spinning balls 
and cage. The oil is then carried through the 
bails and i.nto the bearing housing cavity. The 
center .'avity irair.ed or vented tc the hous- 
ing by noles : n ti.e oottocn of t.tt. carrier. A 
pair of stacked wavy washers is used to provide 
axial preload. The inner races were fixed to 
the shaft against rotation by an axial clamp 
from the hiun speed pinion nut. The unassembled 
unit IS shown in figure i. The benefit to be 
gained througn tne utilioation of ball bearings 
includes not only a reduction in friction, but 
also a possible improvement in turbi’^e efficiency 
made ixtssibie cy a reduction in. operating clear- 
ances vice to the more stable shaft orbit. 

After the initial 'ournal bearing arrange- 
ment was evaluated, t.ne furbine rotor and shaft 
were modified ty reducino t.he diameter to accept 
tne oali oearings. The c-om{5arison test of the 
bail bearing rcwx?r turome was performed using 
tne same turbine volute, farbine rotor load 
compressor, collector, and rotor to snroud 
clearances , 

A summary cf t.he friction loss (as measured 
by :ieat rejection to t.ne oil) data is depicted 
in figure h . A inch :i tne ball nearing versus 
journal ceariiig mec.naiiical efficiency is s.ncwii 
in figure 7. r'lgure 6 also shows the parasitic 
loss in horsepower of the journal bearing and 
the ball b*?aring unit at rated and torque peak 
speeds. This di f ference in horsepower is avail- 
able as shaft power for the engine. 

Turthor testing was to nave oeon carried 
out to evaluate the gams frew reduced operating 
clearances made possible by t.ne bail bearing 
system, however, bench testing indicated that 
the shaft stiffness was not sufficient to avoid 
a flexui’ai r>ohe. This type cf moticxi ■•\ouid .not 
aJ-low an evaluation of t.'ie bail oearing power 
turbine with reduced clearances. A second 


design iteration would be required to provide 
sufficient bearing life, satisfactory shaft 
dynamics and oil film damping, minimum shaft 
flexing, and consideration for cost and com- 
plexity. A second design iteration was not 
pursued due to the design and procurement lead 
times. 



* ig ‘ 5 - Ball bearing power turbine arremgement- 
expioded view 



rig, 6 - Power turbine bearing heat rejection 
to oil 
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Fig. 7 - Power turbine journal vs. ball bearing 
efficiency 

POWIilR TURBINE SPEED OPTIMIZATION - In an 
effort to improve the aerodynamic efficiency of 
the powe.r turbine, an increase in operating 
speed was required. This was accomplished by 
varying the gear ratio with resultant changes 
in the operating line of the turbine shown in 
Figure 8. The interim turbocompound power tur- 
bine operated at a gear ratio of 15.78 times the 
engine speed. Operating lines are shown for 
engine speeds of 1900 and 1300 RPM at three gear 
ratios: 15.78, 16.-12 and 17.12 times the engine 
speed. At 1900 RPM, as the gear ratio is in- 
creased the power turbine efficiency remains 
relatively constant at full load, but decreases 
slightly ac part loads. At 1300 RPM, however, 
the power turbine efficiency improves signifi- 
cantly over the full operating range. Hardware 
was procured to increase the gear r. tio to 16.42 
and 17.12 times the engine speed. 
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r'ig. 3 - Radial power turbine efficiency .map 

Engine performance tests 'were completed with 
all three geaar ratios throughout a matrix of 
engine speed and load conditions. The intor- 
mediatE: ratio of 16.42 was selected as the opti- 
mum ratio after valuation of the full and part 
load fuel consumption data shown in Figure 9 
a:id Figure 10. An average fuel consumption 
cenefit of .901 Ib/bhp-hi* was measured along 
the torque curve over the interim gear ratio 


of 15.78. This is consistent with the prea...cted 
benefits at full load using the improved effic- 
iencies shown in Figure 8. 



fig. 9 - Gear ratio optimizatio:'. ur juo curv-_ ; 
5SFC vs. engine speed 
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Fig. 10 - .7ear ratio C'pti.mication: 3SFC vs. 
engirie torque 
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ABRADABLE SHROUDS - As Stated previously. 
Task III involved impleirenting practices and 
techniques typically employed in gas turbine 
power plants into the turbocompound engine 
turbomachinery. One of these practices for 
increased efficiency levels is the utilization 
of abradable materials in order to reduce 
clearances between the rotor and shroud. 

An abradable nichrome/polyester composite 
coating was applied to the charge air turbine 
shroud. The nichrome/polyester coating has a 
ten’perature capability of 1500 F. The abradable 
turbine si '' •>ud was initially evaluated on the 
engine. Performance testing was completed for 
the abradable versus baseline turbine shrouds. 
The cold clearance for the turbines evaluated 
are shown below: 


Axi al Cl ear ance Radial Clearance 
Baseline .030 .010 

Abradable ,015 (.Minimum) 

Test data along the torcjue curve did not indi- 
cate any fuel consumption advantage for the 
abradable turbine shroud. 

Bench testing was subsequently completed to 
more accurately quantify the effect of cieara.nces 
on turbine efficiency. Two turbine volutes were 
evaluated: a baseline shroud with no abradable 
coating and the tcjrbine shroud wit:; the abradable 
nichrome/polyester coating. .Rxiai clearances 
'ro the abradable shroud were varied from .027 
inch to .010 inch with minimal radial clearance. 
The baseline turbine shroud axial and radial 
clearances were set at .jJ7 inc.h and .010 inch, 
respectively. The bench test results are 
summarized as follows: 


Axial 

Clearance 


Radial 

learance 


.Ac r auan 1 e 
_'o:.tc’ur 


Peak 
Turbine 
Ef f iciencv 


Baseline 
Build 1 

Build : 


79.8 


Build 3 


Mir. mum 


80 . 5 


Build 4 


".ir, imum 


80.3 


The abradable charge air turbii'.e shroud 
conto’oi' 13 shown i.n Fi.rure 11 after the bezich 
tests, r.he turbi.ne efficioncy versu.s rotor 
speed at a co::st.ir.: pressure r.itic -s ibnewi^ 
Figure 10. Taking -nto account test stand 
accuracy and repeat.acility , the tibradable tur- 
bine shroud shewed no difference in efficiency 
when the axial cleara;\co was reduced from .027'* 
to .010'*. 

However the .iata indicates a slight gam 
in turbine efficiency .iue to tne loweri.ng of the 
radial clearance. This improvement in perfor- 
mance, for this particular turbine, can be 
traced to t.he fact that .i reduot. ic.n i.n radial 
clearances reduces the blade to blade leakage 
in the area where a l.iroe i^ortion of the work 
LS being .ione. 



11 - Turbine aoradablc- u'.r ru i 



Fig. - Turbine ai^radable s.hroud oeiicn test 
pressure ratio 2.2 

ABRADABii: CG.HPKESSOK SHROUD - For tne 
pressor shroud, an aluminum-graphi te composite 
coating was evaluated as this .material :s oc«- 
patible with an alupainuw eexapresbor rotcr. 
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The turbocharger compressor with the abradable 
shroud was first tested on the bench test stand 
with minimum radial clearance at the inducer 
region and .024 inch axial clecUTcince between 
the rotor cind the contour of the exducer region. 
The axial clearance was reduced in .005 inch 
increments to a final .004 inch clearance at 
room temperature. The abradctble shroud shown 
in Figure 13, after the last bench test, dis- 
plays the coating abrasion due to the compressor 
impeller. The performance data shown in Figure 
14 shows the peak ccjmpressor efficiency increas- 
ing from 81.7 percent to 33.3 percent for the 
minimum clearance build and a 1-3% efficiencv 
improvement at a constant pressure ratio. This 
illustrates both an improvement in peak effic- 
iency and an increase in the width of the 
efficiency islands with use of the abradable 
compressor shroud. Thus, not only does the 
compressor work at higher efficiency le’.'els, but 
It will also operate in these region;; a greater 
percentage of the time. 

Engine performance testing was completed 
with the ai^radable compressor shroud at .J34 
inch and .004 inch axial clearance and minimuirt 
radial clearance. The engine test data shown 
in Figure 15 verified the 1-2% efficiency im- 
provement measured on the bench test. A reduc- 
tion i.n fuel consumption of .001-. 00 3 Ib/bhp-r.r 
was measured along t.-.e torque curve . 



Fig. 1? - Abradable compressor s.nroud 



Corrected Mass Flow (Lb/'Min) 


r - if tejt r clearance cr. peak efficiencv 

'.’s . total pressure ratio and compressor eff.c- 
icnc.n vs. mass flow at 3.3 pressure rati_ 



Engire Speed (RPW) 

-4. . - rc;:, - lo. performance data - acradabie 
oenpresso:' snreue 
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CofJ'p I f tii.H'fu. y (')%.) 
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ADVANCED ENGINE DYN.V-'CMETER TESTING; 


T^sk IV 

The >icivanced r.urbocompound engine was 
equipped witr. r_;-e toLiowinq hardware which 
differed from '•ho ir.oerin o jrbocompc^und config-r 
uration oo .•nea.-.urc ihe comuiative f>erfcrmance 
gains of tne Usivanccd -jn'iine: 

. ?e<iesigned I.? men liaino'-er pulse 
exhaust nan i fold 

- New m;ector tamsnaft loco witin m.proved 
in lection cnar iotor ist l.:s 
. Insulated ^'Xhuist nar.Lfoii, irut- air 
turbine '’oluto, ir.d i t.-r staov iuut 
. Simulate^i vnr-to-air if ter-:o>ci in.-.; ill.' 
r:-iT) 

. Simulated bail oearinq -system for tno 
power turo me 

. Jptunuin power fui‘CL.ne ♦oar ratio 
. nbradabio /’.Tipressor snrruJ with . -M 
inch axial clearance 

Emissions were •\xanir.ed i=>inu tc.e *.:-mod*. 
gaseous emission ;ycle to verify mat tr.e- 
was operatir.q at tr.e .•oorm.ed •' cram level. 

A 13-mode 3SNCx 3Eac 'f 

.37 qm/bhp-:*r was neasurv/d at l i' HTIC ivr.am: , 
infection timina witn idvantcvi ct i j:. tim-i:.-: 

■ . , 'd .... 

tc 31 3T:>J .n me .i.nnt * :au meuv'. 

encir.c .it t..v •; ;run .'m i • .r. i e:. 
figure I’.- .-•.■'.cvs r.r.e i.-ofuri eon.- impt len i:;lani.-- 
as i f ur.ctier. .'f to'. i m.e sieed and rowt-r. :5ri.<t; 
specific fuel .-cr.sum; t lor. at r.'itvi : ow*-»r wa.> 



' -\N.\1. 3 1 3 ; 

T'-.e auva:. t urivccr.i\:)-und per :orna:-.ce map 

ta.-..k .rilcacv : i venicle ftr conpari~cr. t.; t:.t* 

result:- : '.r.e .:.tor:m turbo-oenpomd on.gm.c in- 
-Sta.,l-^'d t.'.t. -cLme ’.ehiol-j .u-.i simuiatinu the 

-AT.e r. ute. ^ ■ .atjp.ar .• : : t.:o VMC cal cuiations 

mi'eaiv f ■ :'’^c ' : i' tnt; advanced furbocom- 
pour.d enuir..j w:'.i;.o me .r.terim turDOcor..pound 
engine yredutior; was 5.41 nrc . Thus, a '.’MS 
predicted tu:..< mileage improvement of o.d'^ -was 
achieved. This produced a ruol savi.nqs of 2.-) 
gallons over me simulated 3c:. I"' mile course. 

A VMS ccr.par 1 son was also made for tne 
interim turboccmi.x^und field test route from 
Florida to Cal i for:. i a . T.he soutr.ern route across 
tile Vnited States includes sections of I-7S, 

1-13, 1-30 ana 1-6. This route, shown in Figure 
18, provides a variety of terrains including 
plans, rolling hills, and mountainous grades. 

The '/MS predictions are shown in Table 3. The 


advanced engine aciiieved tank mileage Improve- 
me.nta -sf 6.3 and 6.1 percent over the interim 
e.ngine at maximum cruise speeds of 60 mph and 
65 mph, respectively. A VMS data summary for 
fi\_- types of terrains is presented in Table 3 
for the advanced turbocompound engine and interim 
turoocompound engine. VMS predicted tank mileage 
:.mpro'/ements for the advanced turbocomc>ound 
vngi.ne range from 7.. percent on level terrain 
to -:.3 percent on a mountairious route. 



SCO aOO -300 '70Q j^CC 3500 


E''giP'- Sieve (RPM) 



1300 1400 1500 '6C0 '70C ’3CC '900 
Engine Sc>ee<3 (Rem) 


Fig. 17 - Interim and advanced TCFO e.ngi.'ie 
i^rformance 


239 




;MS data FOR 

CUMMINS r'JEL SCONOMY ROUTE 
ADVANCED TCPD-450 vs. INTERIM rCPD-460 



KENWC.F7H C^-N’.ENT lONAL 





TABLE 3 . 

VMS DATA SUMMARY FOR VARIOUS TERRAINS 
ADVANCED TCPD-45C VS- INTERIM TCPD-450 


ROUTE 

ENGINE 

TANK MILEAGE 
(MPG) 

% ADVANCED TCPD 
TANK MILEAGE 
IMPROVEMENT 

LEVEL 

INTERIM 

6.17 


INTERSTATE 

ADVANCED 

6.60 

7.0 

ROLLING 

INTERIM 

6.20 


PLAINS 

ADVANCED 

6.62 

6.3 

.2 PERCENT CP 

INTERIM 

5.66 


INTERSTATE 

ADVANCED 

6.05 

6.9 

HILLY 

INTERIM 

5.99 


INTERSTATE 

ADVANCED 

6.39 

6.7 

MOUNTAIN 

INTERIM 

5.20 


PASS 

ADVANa:D 

5.52 

6.2 


INPUT CONDITIONS: 18 HP ACCESSORIES, SEARED SPEED = 66 MPH, 

RADIAL PLY TIRES, 73,000 LB CW. 65 F, 
STILL AIR 


SUM>U\RY 

The primary ob':ectLVe of z:\e aavar'.ced uurbo- 
compound diesel enqine proqram was uo improve t::o 
tank mileage by 5s over the iOdO vehicle test 
(interim) turbocompound diesel engines. The 
technical approaches used to develop the advanc- 
ed turboccwnpound engine were: 

I. Increase the turbine availaible energy 

in the exhaust gas with a more efficient 
exhaust manifold and by insulating the 
exhaust system cocnp>onents . 

II. I.mprove tne fuel iniection character- 
istics ny providing nigher pressures 
and snorter durations . 

Ill, Improve trie turoooom{X)und system by 
optimir.ing the power turoine speed 
for maximum turoino efficiency and by 
reducing t.ne turni.ne snaft bearing 
mechanical losses, 

IV. Lower the intake mani'oli temperature 
t reel F tc *. c renuco nitci,. 

oxide emissions, ana it.ccease engine 
thermal ef f iciency . 

V. Improve the compressor efficioucy 1-U% 
by reducing t.he operating jicaranc«rs 
with an abradable snroud . 


The combined effect of these improvements 
resulted in a rated power 35FC of ,31J Ib/bhp-nr 
with a mininusa 3SFC of .298 tb/bhp-hr while 
meeting the California 6 gram (BSNOx BSHC) 
gaseous emission level. 

The advanced engine performance map was 
put into Cuiranins’ Vehicle Mission Simulation 
(VMS) program to predict the tank mileage over 
the Cifflvmins* Pilot Center fuel economy route for 
ccxnparison to the interim engines. In the course 
of the vehicle testing program completed in 1)80, 
It was proven tnat an excellent correlation 
exists between VMS predicted fuel consumption - 
and actual vehicle test results. The VMS calcu- 
lations predicted a tank mileage of 5.75 mpg 
for the advanced turbocompound engi,*e while the 
interim turbocompound engine prediction was 5.4; 
mpq . Thus, a predicted • ank mileage improvement 
of 6.5% was achieved with the advanced turoo- 
cof.ipaund diesel engine. 

In summation, the advanced turbocompound 
iiesel engine progr^un ntet and exceeded all tank 
mileage ^oals, f'urt.her enhancing the pote.ntiai 
:uei consumption savings of the turbocompound 
iiesel engine. The turbocotopoimd engine provides 
an opportunity for the future by offering in- 
creased thenaal efficiency, reduced exhaust 
emissions, and improved driveability while main- 
taining present standards of durability. 
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Among Che efforts in this year's Truck Bot- 
toming Cycle Program was the installation and 
testing of an orgamic fluid throttle valve lo- 
cated at the outlet of the vapor generator. The 
second Test Bed Ve^hicle (TBV No. 2) equipped with 
this mechanism and advanced bottoming cycle hard- 
ware was operated over Che Mack fuel economy 
course and resulted in a 13.2-percent fuel sav- 
ings in the 1100-mile test. This fuel savings 
is a major accomplishment towards the program 
goal - a 15-percent reduction in fuel consumption. 

— Component development has continued with 
testing of Che vapor generator and evaluation of 
a soot-blowing scheme for maintaining long-term 
vapor generator heat transfer effectiveness. 
Further development of the microprocessor-based 
control system has emphasized the optimization of 
the Bottoming Cycle System performance. 

•« Other work included stability testing of 

Fluorinol-85 in a specially constructed fluid 
loop. Baseline tests at a fluid temperature of 
550°F have shown no decomposition in 1 
of operation. 



THE TRUCK BOTTOMING CYCLE PROGRAM was initiated 
as an energy conservation project about a year 
after the oil embargo of 1973, with the objective 
of developing the technology for reducing the 
consumption of petroleum fuel in the transporta- 
tion sector of the U.S. economy. Since that time, 
substantial progress has been made in improving 
the fuel economy of automobiles through vehicle 
dovT.sizing, reduced engine size, dieselization, 
and technological advances in engine, powertrain, 
and aerodynamic design. In heavy-duty transpor- 
tation some fuel savings have been accomplished 
through substitution of small trucks for larger 
ones (e.g. , Class 7 for Class 8), using lower 
powered engines, some measurable improvements in 
engine efficiency, and the more widespread use of 
energy saving options such as fan clutches, wind 


deflectors, and radial tires. Overall, the fuel 
saving improvements in heavy-duty transport are 
less - both proportionately and absolutely - than 
in the automotive sector. It has been projected 
by DOE that by mid-decade the aggregate fuel con- 
sumption of trui ' j 5 and other heavy-duty vehicles 
will exceed that of automobiles. Fuel efficiency 
improvement is more difficult with trucks chan 
automobiles because it is largely prime mover 
efficiency improvements that are needed, and these 
are difficult to accomplish. The Truck Bottoming 
Cycle System, with a projected fuel savings of 15 
percent, represents the largest single gain in 
prime mover efficiency available for long-haul 
trucks. 

One area of diesel engine research that holds 
substantial promise for efficiency gains is the 
development of an uncooled (adiabatic) diesel en- 
gine. It is noted chat the potential for waste 
heat recovery with an Organic Rankine Bottoming 
Cycle System from this more efficient engine is 
even greater than with a conventional diesel 
engine. 

Domestic petroleum consumption is off sharply 
from the peak of 1978 when imports reached 8 mil- 
lion barrels per day. Currently we are averaging 
imports of under 5 million barrels per day. This 
reduction in petroleum usage is due mostly to re- 
duced automobile fuel consumption coupled with 
the depressed state of the National economy and 
the increased cost of fuel since the days of peak 
consumption. The oil glut we are now experienc- 
ing Is also a product of the depressed world 
economy . 

One factor that has remained unchanged over 
the last decade is the dependence of the trans- 
portation sector on petroleum fuels. No econom- 
ically viable substitutes for petroleum show much 
promise. Thus, while the present petroleum sup- 
ply picture is bright and prices are stable, 
there is little reason to be complacent about the 
longer view. The price of this depleting energy 
resource will inevitably rise. Efforts to reduce 
petroleum consumption are still very much in the 
National interest. 
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Our work In this program has applied ad- 
vanced organic Rankine-cycie technology to mobile 
diesel engine waste heat recovery and has carried 
the development of the Bottoming Cycle System 
from concept to complete operational hardware. 

We have two roadworthy Bottoming Cycle System 
equipped vehicles, both of which have demonstrat- 
ed more than 12 percent fuel savings in actual 
highway tests. In previous years we demonstrat- 
ed Che technological feasibility of the Truck 
Bottoming Cycle System. In the current program 
we have made improvements, refinements, and mod- 
ifications to the system components to gain in- 
creased performance, better reliability, and re- 
duced maintenance - efforts directed at the ex- 
pressed concerns of the truck industry that a 
Bottoming Cycle System must be as reliable, main- 
tenance free, and easy to operate as the diesel 
engine itself. 

A full description of Che work accomplished 
in the past year is given in the following sec- 
tions of this paper. 

SYSTEM DESCRIPTION 

Operation of the bottoming cycle is outlined 
in Che system flow schematic shown in Figure 1. 

Hot exhaust gas, at approximately 950°F at full 
power and speed of 2100 .'pm, passes through a 
vapor generator where the organic working fluid 
la Eluorinol-waCer mixture) is vaporized to ob- 
tain conditions of oSO^F and up to 800 psia at 
the nozzle entrance of Che turbine. The vapor 
expands through this small single-stage turbine, 
delivering additional power to the engine output 
shaft through a set of reduction gears. 

After partial cooling in the regenerator, 
where some of the useful energy remaining in the 
turbine exhaust vapor is recovered, the remain- 
ing low-grade beat in the working fluid is trans- 
ferred to cooling water in the condenser. Waste 
heat is rejected Co the atmosphere by means of a 
separate radiator core mounted integrally with 
the diesel engine coolant radiator. The feedpump 
then pumps the condensed working fluid through 
the liquid side of the regenerator, where the 
Fluorinoi regains part of the cycle heat, before 
it once again enters Che vapor generator, com- 
pleting the cycle. 

In the current truck bottoming cycle system, 
waste heat is extracted from the exhaust of a 
standard 2So horsepower turbocharged and inter- 
cooled tout stroke diesel engine (Mack Model 
ENDT676). The bottoming cycle system package in- 
corporates all components of the organic fluid 
loop into two subsystems: the power conversion 

uirit (including the turbine, gearbox, feedpump, 
and integrated condenser-regenerator) and 
vapor generator module. The third module for 
cooling functions consists of the fan and com- 
pound radiator and has only water connections to 
the organic fluid system. This packaging ar- 
rangement allows the organic fluid system to be 
located entirely at the rear of the diesel engine. 


POWER CONVERSION UNIT (PCU) - Arrangement of 
the PCU components is shown in Figure 2. This 
PCU, which includes the turbine, gearbox, feed- 
pump, and integrated condenser- regenerator, is 
packaged around a power take-off unit that has 
been designed and fabricated specifically for the 
Bottoming Cycle System to facilitate integration 
of the system. 

Shaft power is produced by a 5- inch-diameter, 
single-stage, partial admission, axial impulse 
turbine. Five nozzles with a 7.5 to I expansion 
ratio deliver organic vapor to the turbine wheel 
and the turbine power is delivered to the diesel 
engine output shaft through a 17.7 to 1 gear 
ratio. 

Pressurization and circulation of the organic 
fluid is accomplished by a specially designed 
three cylinder radial piston feedpump driven at 
engine speed. The working fluid flow rate is ad- 
justed to engine load by varying the stroke (and 
hence the displacement) of the feedpump. The con- 
denser, which is a water-cooled plate-fin heat 
exchanger, and the regenerator are combined in a 
single integrated unit. 

CONTROL SYSTEM - The bottoming cycle control 
system shown In Figure 3 maintains proper temper- 
atures and pressures in the organic working fluid 
as the speed and power of the diesel engine are 
varied in response to driving conditions. 

Flow rate of the orga- ic fluid is maintained 
in constant proportion to fuel flow rate in the 
diesel engine fuel injectors. This simple open- 
loop controller is augmented by two additive 
closed-loop error signals. One signal is propor- 
tional CO the difference between actual turbine 
inlet temperature and the design point tempera- 
ture. The second error signal, based on Che rate 
of change of turbine inlet temperature, prevents 
instabilities that would otherwise occur due to 
thermal delays. 

Engine fuel flow is proportional to the prod- 
uct of engine speed and the engine injection pump 
rack position (i.e., driver's throttle setting). 
Engine tests have shown that fuel flow rate is 
also proportional to compressor discharge pres- 
sure at the turbocharger, and this signal is more 
convenient to apply in the actual control system. 
The working fluid flow rate is proportional to 
the product of feedpump speed and feedpump dis- 
placement. Since the feedpump is driven at a 
fixed ratio to engine speed, feedpump displace- 
ment is made proportional to compressor discharge 
pressure divided by engine speed, with the added 
correction signals. 

WORK EFFORTS AND ACCOMPLISHMENTS 

During the past year. Thermo Electron Corpo- 
ration has made significant progress in the de- 
velopment of the Truck Bottoming Cycle System. 

Work efforts were directed towards the following 
isajor task areas. 

® Working Fluid Studies - The goal of this 
task is to study and develop methods that 
enhance trouble-free operation of a 
Ranklne-cycle system with the use of the 
Fluorinoi organic working fluid. 
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• Vapor-Gencrat or Development - The objec- 
tive of this task is to study, eval'iate, 
and gather data through tests that will 
lead to the development of a compact 
vapor-generator heat exchanger with 
long-term heat transfer effectiveness 
and mechanical integrity. 

® Control System Development 

System efficiency optimization 
- Workini; fluid throttle valve 
This task emphasizes the development of 
a control system that optimizes the Bot- 
toming Cycle System performance across 
Che widest applicable range of operating 
parameters. 

The specific efforts and advances made in 
the above work areas are described in the follow- 
ing sections. 

WORKING FLUID STUDIES - Measurements of the 
formation of decomposition products are being 
made by testing under controlled conditions; 
methods are being developed for the removal of 
these decomposition products from the working 
fluid, Fluorinol. 

The initial part of this program task was 
the construction of a dynamic test loop to meas- 
ure the formation of decomposition products with 
subsenuenc development of a method to remove the 
decomposition products from the working fluid. 

The dynamic loop shown in Figure -i consists of a 
boiler, pump, expansion vaive, condenser, and re- 
lated hardware. The fluid loop incorporates the 
following features. 

® leak tight system for contamination- 

free operation. 

* System controls for continuous and long- 
term stable operation of the loop with 
minimum attention. 

» The loop incorporates features that 

SL’.Jvil.ite Cvirditior.s encour,tvred in the 
Truck Bottoming Cycle System. 

® The loop is instrumented to measure key 
temperatures, pressures, and fluid flow 
rate. 

Rat Iona le - Although working fluid inventory 
and condition have been docisKonted in prior com- 
pound engine system testing ti.e., 1000-hour en- 
durance tests), the tests were not geared for 
controlled Fluorinol working fluid tests. The 
fluid was subjected to transient temperature 
levels during the course of testing for any nuiir- 
ber of reasons ii.e., control system operation, 
startup and shutdown conditions, etc.). Also, 
testing was interrupted and the fluid system 
vented because of both scheduled and unscheduled 
downtimes (i.e., hardware changes, etc.). 

The dynamic test loop .Has been designed Co 
expose samples of working fluid to the conditions 
that are encountered in operating systems so chat 
tiie fluid can be chemically examined and its de- 
composition rate ascertained. Tlie idea of the 
loop is to expose the fluid to very prescribed 
conditions over fixed periods of time, and chem- 
ically measure any changes in the fluid 
composition. 


The fluid circulating loop is designed to 
expose the working fluid to Che operating condi- 
tions so that time at high temperature and pres- 
sure and the number of cycles which the fluid is 
put through are maximized. 

Test Result s - In order to ensure that the 
Fluorinol-85 (Fl-85) wetted surfaces were contam- 
inant free, an initial cleaning procedure was 
followed. Prior to starting the tests, the loop 
was first cold rinsed with Fl-85 for I hour. The 
loop was then charged with a 2500-mi inventory of 
Fl-85 and put through a A-hour shakedown run at 
fluid conditions of 550°F and 500 psia. After 
Cooling, the working fluid was drained out, Che 
loop was pumped down and a virgin 2500-nl inven- 
tory of Fl-85 was added for the start of the 
1000-hour test. 

The test series were performed on the Fl-85 
at the baseline conditions of 550°F and 500 psia 
at the inlet of the expansion valve which simu- 
lates the turbine in this loop. A total of 1600 
hours were run in the two separate tests with 
approximately 600 hours accumulated during the 
first baseline series before this test had to be 
aborted, and a full 1000 hours accumulated during 
the second baseline test series. 

The initial baseline test was terminated 
after 587 hours of operation due to excessive 
loss of Che working fluid inventory through a 
fitting i.n the sampling system. Following the 
repair of the leak, the system was again charged 
with 2500 ml of virgin Fl-85 and the second 
series of tests was started. 

The second test series was run for the 
planned 1000 hours. During both series of tests, 
liquid and gas samples were taken with the liquid 
sa-aoles analyzed fi”" acidity level. Figure 5 
shows tT.: ....la level as a function of running 
time for both tests perfortoed. The neutraliza- 
tion number of each liquid sample is plotted as 
a data point in this figure. The neutralizat ion 
number is an indication it a fluid’s acidity, ex- 
pressed in milligrams of potassium hydroxide nec- 
essary to neutralize I gram of the fluid Siimple. 
The methodology followed is that described in 
ASTM Method D97A-6'i, Neutralization Number by 
color-indicator Ticracion. The allowable acid 
level for Fl-85 in a Rankine-cyc le system deter- 
mined by prior laboratory experimentation at 
Thermo Electron, is 0.040. Figure 5 shows that 
this limit has not been exceeded in tlie tests 
performed to dace. 

During the second series of baseline tests, 
there were three distinct peaks in Che acid level 
of the working fluid. Tlw first of these peaks 
in neutralization number occurred within the ini- 
tial 300 hours of operation and is believed to 
represent the formation ot trif luoroacecic acid 
tTFAA) from the reaction of oxygen and trifluoro- 
ethanol. Although the loop is evacuated with a 
vacuum pump and the fluid inventory is extensively 
sonicated before changing the system, some dis- 
solved gases remain in the Fl-85. it appears that 
once all the acid formed idue to Che remaining 
oxygen in the system) has reacted with Ure loop 
materials the neutralization number decreases and 
readies an equilibrium condition. 
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Ac 7A8 hours Che loop shuc Icself down due 
CO an eleccrical clrculC Incerrupcion. When Che 
unlc shucs down, Che condenser pressure drops co 
Che vapor pressure of che Fl-85 aC room Cempera- 
Cure which is approximacely 1.3 psla. Some leak- 
age of air apparencly occurred during Che down- 
Cime because afcer rescarc, che sample neucrali- 
zaclon number ac 755 hours showed an increase 
from 0.013 ac the 635-hour mark Co 0.023 showing 
Che second peaft in Figure 5. The neucraiizacion 
number dropped to 0.013 ac 815 hours and remained 
low ac 932 hours at a value of 0.014. Following 
a scheduled shutdown ac 929 hours, there was a 
third peak in acid level with a subsequent down- 
trend at the end of che 1000-hour test. 

Gas chromatographic analysis was performed 
on the virgin Fl-85 prior to the start of the 
test and again on the final 1000-hour sample. 

The analysis shown in Figure 6 indicates chat no 
major degradation products were formed. Also, 
the figure shows that the working fluid essen- 
tially remained at the proper fluorine 1-water 
mixture changing from Fl-85 (prior run sample) 
to only Fl-83.5 at the 1000-hour mark. This 
change is due to the "pumping-off" which acts as 
a distillation process, removing the trifluoro- 
ethanol with it's higher vapor pressure at a 
faster rate than the water. 

Another series of tests have begun with the 
working fluid at an operating condition of 600“F. 

VAPOR GENiERATOR DEVELOPMENT - Work efforts 
on this task are being directed toward effective- 
ness improvement of the Bottoming Cycle System 
vapor generator through design modifications and 
testing in che system dynamometer facilities. 

More than 200 hours of testing have been 
performed on the present vapor generator (VGll). 
These tests included the verification of fouling 
characteristics of the heat exchanger and the 
effectiveness of a soot cleaning scheme. 

The other major effort in this program phase 
is the design, fabrication, and testing of a new 
vapor generator (VGlIl). This heat exchanger has 
been designed and is now being fabricated. 

Vapor Ge nerato r (VGI l ) Test s - The initial 
work in this cask consisted of testing the pres- 
ent vapor generator (VGII) in che systera dyna- 
mometer facilities as shocm in Figure 7. The 
VGll core shown in Figure 8 consists of 14 finned- 
tube coils, each 22 feet in length and assembled 
into a cylindrical package 17 inches in diameter 
by u6 inches in height. The coils ace connected, 
both on the inside and outside core diameters, to 
form a single organic fluid circuit. This vapor 
generator also has added insulation and Improved 
shrouding between the outside portion of the core 
and surrounding shroud to prevent exhaust gas 
bypass . 

A set of laboratory diesel-ORCS engine tests 
were initiated to quantify the amotmt of diesel 
soot fouling in the vapor generator and to test 
any soot cleaning mechanisms that were thought to 
be effective, particularly for the truck's waste 
heat recovery system. Such tests were conducted 
with the intention of incorporating any signifi- 
cant results of this testing into the design of 
the advanced vapor generator wherever possible. 


The soot cleaning device selected for test- 
ing from the several designs reviewed consisted 
of an air pressure actuated, butterfly valve 
which is Installed in che exhaust (outlet) stack 
of the vapor generator. 

The operational principle for this soot blow- 
ing mechanism or "Burp Valve” is fairly simple. 
When the vehicle decelerates or descends a hill 
In a "no load" condition at high engine speed, 
the valve Is closed. With the burp valve closed 
the diesel engine will pressurize the exhaust sys- 
tem including the vapor generator enclosure. A 
pressure level of 15 to 18 psig can be attained 
in this manner in a very short time (Less than 5 
seconds). Having reached this pressure level, 
the valve is opened and the sudden expansion of 
the pressurized exhaust gas should dislodge soot 
particles from the heat exchanger's finned tube 
surface and carry them out of the vapor generator. 

The diesel-ORCS testing proceeded by first 
quantifying the degree of soot fouling that occurs 
within the vapor generator during 100 hours of 
operation. A 100-hour test interval was found in 
two earlier endurance tests to be of sufficient 
duration to measure the effects of fouling on the 
heat exchanger. No soot blowing was performed 
during this first 100-hour test. Measurements 
during this first test, later verified by a sub- 
sequent test, indicated as much as a 25-percent 
reduction in heat exchanger efficiency when soot 
blowing is not performed. When soot blowing was 
performed a reduction in vapor generator effi- 
ciency of 20 percent was measured. This small 
difference does not suggest that the soot blowing 
mechanism described above is successful in com- 
pletely preventing heat exchanger fouling. In 
fact, several aspects of the laboratory diesel- 
ORCS engine test are different from an actual ve- 
hicle installation and on-highuay test. For ex- 
ample, che soot blowing was performed when the 
diesel engine was being powered and not when it 
was under no load (i.e., no fuel injection) and 
high-speed conditions - as it would be during on- 
highway applications. The laboratory setup could 
not duplicate these on-highway conditions and 
still expect Co adequately pressurize the vapor 
generator enclosure. The pressurization of che 
enclosure was, in fact, further limited by retro- 
fitting the new burp valve onto a previously used 
heat exchanger; a heat exchanger not originally 
designed for high-pressure containment. The vapor 
generator cylindrical enclosure was sufficiently 
sealed against leaks co record a maximum pressure 
of 12 psig at peak engine loads but typically 6 
to 10 psig; during part load operation. Leaks did 
occur during the 100-hout test that resulted 
in maximum pressure levels of only 3 to 5 psig. 

The significance of containment pressure in pro- 
viding enough expansion force was quantified dur- 
ing one test at the 100-hour mark. It was found 
that an iniprovement in the heat transfer coeffi- 
cient of at least 10 percent and as much as 25 
percent could be obtained if the heat exchanger's 
containment pressure was maintained ac 12 psig 
instead of 8 psig. 


A similar burp valve will be inscalled in 
the advanced vapor generator (VGIII) which is de- 
signed for 15 to 18 psig pressure containment 
service. The improvement in vapor generator per- 
formance will be measured with soot blowing at 
these elevated pressure levels. 

In addition to the soot blowing tests, the 
laboratory testing has verified conclusively that 
a water wash procedure for cleaning the vapor 
generator does work effectively in restoring the 
performance of the vapor generator to an "as new" 
condition. Figure 9 displays the results. For 
this reason, the advanced vapor generator design 
will include water spray nozzles located at the 
top of the finned tube core. These nozzles will 
allow for periodic but thorough water washings of 
the core during routine vehicle maintenance 
periods. 

A dvanced Vapor Generator (VGIII) - A new 
vapor generator is now being fabricated for sub- 
sequent testing in the system dynamometer facili- 
ties. The design features of VGIII, shown in 
Figure 10, include; 

® Post test design modifications developed 
through VGXI testing 

® Simplification and cost reduction of 
fabrication 

® Incorporation of soot cleaning device 

Several design modifications have been in 
corporated into the new heat exchanger based on 
the test results of VGll. To prevent exhaust gas 
bypass and heat loss from both the outside and 
inside surfaces of the core, insulation has been 
placed in these areas. A cylinder valve has been 
added to the diverter mechanism to close off the 
upper port when the vapor generator is operating 
in the bypass mode. Together with the inside 
stack insulation, this valve prevents any over- 
heating of the working fluid chat might occur 
when bypassing the system. (Overheating was ob- 
served on a few occasions during prior road tests 
on TBV N’o. 1.1 The above feature of VGIII also 
aids in the energy storage capability when oper- 
ating Che organic fluid throttling valve. 

This new vapor generator design contains 
new features that are aimed at reducing both the 
material costs and labor efforts to construct 
this heat exchanger. A major design change is 
Che core which now consists of 15 sets of spi- 
rally wound ("pancake") finned tube coils, as 
shown in Che drawing of Figure 11. This vapor 
generator core has the following features. 

® The Cube and fin material are con- 
structed of low carbon steel. 

- Ten "pancake" coils are 5/8-in. -o.d. 
Cubes las in previous vapor 
generato rs) 

- Five "pancake" coils are 3/4-in. -o.d. 
cubes. This set of coils are in Che 
vapor phase region of the vapor gen- 
erator and the larger Cubes will de- 
crease tlie flow resistance of the 
working fluid in this section where 
most of the pressure drop occurs. 

® The center core Cube is an integral part 
of each "pancake" coil. 


- This center core tube is used as Che 
mandrel Co wind the cube colls when 
fabricating the cork. 

- Each center tube core has a helix 
baffle (see Figure 11) to guide the 
finned tube when initiating the wind- 
ing procedure and this metal helix 
also acts as a gas baffle to prevent 
exhausit gas bypass of the Inside core 
surface. 

• The pancake coil design has all tube end 
connections on the outside diameter of 
the core. This feature eliminates the 
inside connections of Che previous vapor 
generator and also the two-step brazing 
operations. Tube connections are 
straight through rather than U-bends, 
reducing the pressure drop on the fluid 
side of the vapor generator. 

VGIII also will contain soot cleaning mech- 
anisms. As shown in Figure 10, there is a built- 
in water spray manifold with an outside connec- 
tion that will make water washing of the heat ex- 
changer more efficient. The snot blowing valve 
will also be mounted at the stack exit, as in 
VGIl, for testing on this vapor generator. 

In the recent tests on VGH with the soot 
blowing (burp) valve, the pressure level buildup 
in the vapor generator upon closure of the burp 
valve was limited due to inherent leak paths in 
the heat exchanger (VGIl was not originally de- 
signed to withstand appreciable interna) gas pres- 
sure levels). Since the capability to build up 
pressure (internal to the vapor generator without 
appreciable gas leaks) is necessary to properly 
test Che effectiveness of the burp valve, partic- 
ular attention was given to adequate sealing of 

vein. 

This new vapor generator is currently being 
fabricated and will be tested during the current 
program. 

CONTROL SYSTE.M DEVELOPMENT - Developmental 
work has continued on the microprocessor-based 
control system during this program phase. Initial 
efforts consisted of modification and installa- 
tion of the control system (updated version as it 
exists in TBV No. 2) into the system dynamometer 
facilities to serve the function of general con- 
trol of the compound engine for all testing (i.e., 
vapor generator tests) and also to serve as the 
"baseline" unit for further development work on 
Che control system efficiency optimization. 

•4n automatic data acquisition system has 
been designed and built for the control system 
and this capability has been incorporated into 
the TBV .No. 2 control system. This feature elim- 
inates the need for manual recording of the Bot- 
toming Cycle System parameters during operation. 

Another major effort this year is cite fre- 
quency response tests, which ace still in progress 
in the system dynaaiOTteter facility, to optimize 
Che temperature error gain and establish control 
system stability during transient operating 
conditions. 
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Data Acquisition System - The second Test 
Bed Vehicle (TBV So. 2) is equipped with a 
microprocessor-based digital control system with 
added automatic control features including a data 
acquisition system. When a set of data is de- 
sired during a run, the operator actuates the 
data button and all pertinent parameters of the 
bottoming cycle system (temperatures, pressures, 
etc.) are automatically store! in memory of the 
on-board computer. The system is now also 
equipped with self-d iagnost ics which alert the 
operator to various problems (i.e., low organic 
fluid flow, high condenser pressure, low lube oil 
pressure, etc.). 

The schematic of Figure 12 shows the inter- 
facing of the various features of the control 
system and sequence of events from the data tak- 
ing command Co the final data printout. Figure 
13 is a photograph of the CRT display, showing 
the page I data (there are two pages of data) 
being monitored during actual operation of the 
system. When the data button is actuated, the 
parameters being displayed on the CRT are stored 
in the on-board computer located in the control 
system unit shown in Figure Ut. After a run or 
series of trips, Che data are then transferred 
from the on-board computer meraory to tape and/or 
to a data tenainal for printout as shown in 
Figure 15. 

Frequency Response Tests - Another major 
effort on the control system is to establish 
the maximum gain on Che "set temperature" control 
loop to optimize response time and prevent in- 
stability during transient conditions. Some fre- 
quency response tests have already been performed 
to record the control system response to sinu- 
soidally varying input signals. From this data 
mode, plots of gain and phase angle are being 
developed to show the optimum temperature error 
correction .tnd rate error correction while main- 
taining a proper stability margin. 

In the Initial frequency response tests per- 
formed on the control system, the temperature 
error gain. Kj (T - Igg^p) of tl.e control equation 
shown in Figure 3, was investigated. Although 
the conclusions from these tests are valid only 
for linear systems, the thermal in-‘rtia of the 
vapor generator should mask the other nonliuear- 
icies. 

The steady-stale temperature gain was deter- 
mined by changing pump stroke a fixed increment 
and recording the two steady-state temperatures 
at .r specific operating load and speed condition 
on Che engine. 

The temperature feedback loop was then 
opened and ai voltage signal was imposed on the 
control sumaiing junction with a sine wave gener- 
ator. The signal level was then adjusted at ex- 
tremely low frequencies to provide the same tem- 
perature swing chat was obtained during the 
steady-state test. Signal frequencies were then 
increased with both input and temperature output 
being recorded on a strip chart. 

The stability criteria for a linear system 

are: 


® A phase margin of no greater than A5" 
(degrees from -ISO"' must exit at the 
0 db attenuation curve. 

* At the phase shift of -180“ the gain 
(attenuation) must be no greater than 
-10 db. 

Figure 16 is a Bode plot of the data from 
this steady-state test and shows the two stability 
criteria to be met for this condition. As a test, 
the temperature error gain of the control system 
was increased by approximately 20 percent; this 
resulted in an oscillatory system with a turbine 
temperature limit cycle of ±30“F, thus indicating 
the gain for the system was optimum at the ini- 
tial test point. This test was performed at an 
engine operating condition of 27A horsepower 
(1800 rpm and 800 ft- lb). Additional dynamic 
tests at other power levels will be performed 
during this program phase. 

WORKING FLUID THROTTLE VALVE - An organic 
working fluid throttle valve has been installed 
on TBV No. 2 at the outlet of the vapor generator. 
This mechanism improves fuel economy by contain- 
ing heat energy for use in an optimized schedule 
in the operation of the Bottoming Cycle System. 

The ORCS control system automatically operates 
the throttle valve according to the "load" or "no 
load" condition of the diesel engine. The valve 
remains in an "open" position when the engine is 
under a loaded condition and "closed" (energy 
storage mode) when the engine is not loaded (i.e., 
driving down grade). 

The throttling valve is positioned in the 
organic fluid line between the vapor generator 
exit and the turbine inlet. The signal to close 
the valve is generated by the control system 
when the compressor discharge pressure falls be- 
low a set value. .A small orifice in a line paral- 
lel with the valve acts as a bypass circuit to 
allow a small amount of fluid flow, thereby pre- 
venting lv>cal hot spots in the vapor generator. 

Rationale - The Test Bed Vehicle (TBV No. 2) 
is the ultimate laboratory for testing the 
throttle valve because of the exposure to real 
road transient conditions (grades, etc.) and the 
ability to run the same route with and without 
valve operation for comparison of fuel economy 
difference. During previous road testing on TBV 
No. 1 at the Mack facility in Allentown, P.A, the 
idea of controlling the energy flow from the 
vapor generator was formulated. The energy 
transferred to the organic fluid -hen climbing 
.1 grade was being expended at a time of low sys- 
tem demand; namely, during the descent from the 
preceding grade. It was felt that optimizing the 
match between energy demand and stored energy 
would improve the system performance. 

The organic flow rate is controlled by a re- 
ciprocating feedpceap with variable stroke. The 
stroke is modulated by a command equation which 
includes coespressor discharge pressure, a measure 
of the diesel operating point. During a period 
of high demand from the diesel (e.g.. climbing a 
grade), the feedptop stroke increases to match 
the increase in exhaust gas temperature and f low 
rate. As the demand falls to zero, the vapor 
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generator is still capable of transferring con- 
siderable energy to the organic working fluid. 
This energy transfer is reflected as an increase 
in turbine inlet pressure, which subsequently 
delivers power to the diesel power train at a 
time of low or zero demand. In the worst case, 
the energy created by climbing one grade is com- 
pletely expended on the succeeding downgrade and 
the next upgrade is met with no stored energy in 
the vapor generator. 

TBV No. 2 Throttle Valve Tests - The second 
test bed vehicle (TBV No. 2) is equipped with the 
advanced power conversion unit (PCU) shown in 
Figure 2, a microprocessor-based control system, 
and the working fluid throttle valve. Under this 
task a nominal 750 miles of road testing on TBV 
No. 2 was to be performed to test the effective- 
ness of the throttle valve. These initial tests 
were run on TBV No. 2 (Figure 17) at the Mack 
Engineering Development and Test Center (EDiTC) 
in Allentown, PA. These TBV No. 2 tests ace 
being operated over the same basic 278 mile 
"roller-coaster" fuel economy and endurance road 
test course that TBV No. 1 had previously run. 

Due to several construction projects on the 
route (over bota the mountain and highway por- 
tions), there were a few detours which length- 
ened the overall course from 278 miles to 280 
miles. Also, there were numerous "slow-down" 
areas and starts and stops over the course of a 
run that did not exist during prior tests and 
prevented the TBV No. 2 bottoming cycle system 
from operating as effectively as in previous 
tests with TBV No. 1. 

Pertorraance and fuel economy results have 
been established on TBV No. 1 in two prior tests 
performed at Mack in side-by-side tests with a 
control vehicle. The second series of tests with 
TBV No. I (4.98 mpg average fuel economy) showed 
a 12.53-percent fuel savings over the control 
vehicle (4.35 mpg average fuel economy). 

These present throttle valve fuel economy 
tests on TBV No. 2 were perfortaed over the course 
without the use of a control vehicle. .Mack has 
dismantled the control vehicle and no others are 
available that can be used as a comparison ve- 
hicle for this test series. The test results of 
fuel economy data on the control vehicle during 
the two separate test series with TBV .No. I were 
consistent and showed similar fuel economy. 

•Mack considers that a valid fuel economy 
number to use for the control vehicle for the 
comparison of the TBV .No. 2 test results is a. 35 
mpg. The tests were otherwise run in an iden- 
tical manner as was done with TBV No. 1. The 
same two trailers were used and alternated durii. 
each test run for the entire series of tests and, 
at least, two different drivers operated the 
vehicle. 

A total of 1120 miles were run on TBV .So. 2 
with the throttle valve operating. The overall 
fuel economy was 5.01 mpg which represents a fuel 
savings compared to the control vehicle fuel 
economy (4.35 mpg) of 13.2 percent. This TBV So. 

2 fuel savings is to date the largest improvement 
attained over the Hack course by a test vehicle 


equipped with a bottonlng cycle system. TBV No. 

I in the last test series showed a 12.5-percent 
fuel savings. 

The results of these road tests on TBV No. 2 
are summarized in Table I and are highlighted 
below. 


72,000 lb 
1120 miles 

4.81 mpg 

5.15 mpg 
5.01 mpg 


13.22 


• Tractor-Trailer Combin- 

ation Gross Vehicle 

Weight (GVW) 

• Test Mileage 

® .Minimum Fuel Economy 

for a Single Run 

• Maximum Fuel Economy 

for Single Run 

® Average Fuel Economy 

• Improved (Fuel Savings 

Compared to Control 

Vehicle) 

These tests exposed TBV No. 2 to formal road 
use for the first time. Prior to these tests, 
the vehicle v;as essentially garaged with only 
occasional local operation. .Although in tnis 
limited mileage test TBV No. 2 did show an im- 
provement In performance over TBV' So. 1, more 
road use of TBV No. 2 is necessary to shake out 
the Infant mortality type failures and to "fine 
tune" the vehicle for optimum performance. 

It is somev/hat difficult from the results of 
these tests to determine exactly what amount of 
improvement is due to the throttle valve, but all 
ORCS data observations during the runs indicated 
that the throttle valve was operating as designed. 


FUTURE PLANS 


It is Thermo Electron's objective to finish 
the development of the Truck Bottoming Cycle Sys- 
tem in as complete a fashion as possible, given 
the constraints on available resources. We want 
to reduce or eliminate the remaining technical 
problems of the system and have fully functional 
operating hardware (e.g. , Test Bed Vehicles) that 
can attract venture capital when the market tor 
energy conservation improves. 

Our best chance for accomplishing our objec- 
tive is to continue wording on the two Test Sed 
Vehicles ^Figurc 18) which are really our labora- 
tories on wheels. We are arranging with DOE to 
maintain control over the use of these vehicles 
through a cost-free lease arrangement. We plan 
to support continued testing and development of 
the trucks by using them in commercial service to 
defray operating expenses while testing them. 

TBV No. 1 will be used dv our Marine Engine Divi- 
sion in Detroit to deliver its products to East 
and West Coast distributers. TBV No. 2 will be 
loaned to selected cccs'^ercial carriers and com- 
panies within the truer .ndustry for viperation 
on revenue routes and .^ting for periods of 
about 1 month each. T; 'mo Electron will provide 
training and equipmen apport during these loan 
periods. The response of users and test data will 
be collected and reported to the government. in 
this way we will keep the trucking industry in- 
forauxi of progress with the Truck Boctoming Cycle 
System and test the vehicles at the same time. 
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Thermo Electron will also be participating 
in several other projects that involve Organic 
Rankine-Cycle Systems similar to that of the 
Truck Program. Our Japanese licensee, Mitsui 
Engineering and Shipbuilding is just completing 
its first year of operation of a 14-megawatt 
Bottoming Cycle System at a Nippon Steel Corpo- 
ration facility. We will be reviewing technical 
data on the system's operation that will provide 
us information on long-term system performance, 
especially with respect to materials stability. 
Also, in December we will deliver a nominal 100- 
kW waste heat recovery system to a wastewater 
treatr at plant in Rochester, Minnesota. This 
system uses Truck Program related hardware in- 
cluding turbomachinery and controls, and it too 
will provide operational data useful for the de- 
velopment of Truck Program hardware. 

We expect to participate in the NASA/Lewis 
•Advanced Waste Heat Recovery for Mobile Applica- 
tions Program where we will be designing and 
costing a high-temperature Organic Rankine Bot- 
toming Cycle System employing RC-1 as a working 
fluid. This work will build from and improve 
upon our earlier Rankine-Cycle designs, and will 
also contribute to the advancement of Truck Bot- 
toming Cycle System technology. 

However, working directly on the develop- 
ment of the Truck Bottoming Cycle hardware will 
have the greatest impact in bringing the Truck 
Bottoming Cycle to the marketplace. Prototype 
hardware designs must be improved in terms of 
function and simplicity now that we have learned 
their shortcomings. Electronic controls must be 
reduced from hundreds of components down to a 
relatively few custom-made chips that will pro- 
vide the ruggedness and reliability needed for 
truck use. Packaging of Che Bottoming Cycle Sys- 
tem must address the requirements of long-haul 
truck manufacturers today, both their conven- 
tional cabs and cab-over models. This can be 
done, but it requires substantial work. 

Some of this work we will be able to ac- 
compli.sh on our .>wn, but clearly some important 
work \>rill go undone, as things now stand. 
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Figure 5. Fluorinol-85 Acid Level vs Test Time in Dynamic Fluid Loop 
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Figure 6. Gas Chromatograph of Working Fluid for Dynamic 
Loop Baseline Test Series 


Figure 7. Vapor Generator (VGU) on Test in System Dyiiamosneter Facilities 
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Figure 8. Vapor Generator Core 
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Figure 9. Vapor Generator (VCIl) Performance Shown When “New" 
and After Water Wash Procedure 
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Figure 12. Schematic for Data Acquisition System 


Figure 13. CRT Data Display of Truck Bottoming 
Cycle System in Operation 
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DATA PRINTOUT KEY 

CDP - Engme Compressor Discharge Pressure (psig) 

PTU - Organic Working Fluid Pressure at Throttle Valve Inlet (psia) 

TAM - Ambient Temperature (®F) 

TGI ■' Exhaust Gas Temperature at Inlet of Vapor Generator (’^F) 

NDE = Diesel Engine Speed (rpm) 

PCO = Organic Working P'luid Pressure in Condenser (psia) 

TCO = Organic Working Fluid Tem|>erature in Condenser (°F) 

TGO = Exhaust Gas Temperature at Outlet of Vapor Generator <°F) 

PTl = Organic Working Fluid Pressure at Turbine Inlet (psia) 

PLO - Turbine Lube Oil Pressure (psig) 
rSO = Turbine Seal Oil Temperature ('^F) 

TLO = Turbine Lube Oil Temperature ('F) 

TTI = Organic Working Fluid Temperature at Turbine Inlet l~F) 

STR - Organic Working Fluid Pump Stroke (t) 

TVG = Organic Working Fluid Temperatxire at Throttle Valve Inlet (°F) 

Figure 15, Printout of Data Sets Taken During Operation of 
Truck Bottoming Cycle System 
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Figure 16. Bode Plot for Bottoming Cycle Control System 
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Figure 17. Test Bed Vehicle (TBV No. 2) Throttle Valve 
Fuel Economy Road T est 


TABLE 1 


SUMMARY OF TBV NO. 2 THROTTLE VALVE FUEL ECONOMY TESTS 
AT MACK TRUCKS, INC. (FALL 1982) 





QUESTION AND ANSWER PERIOD 


Q: Is there eitlier competition or 

coeipatibil it)' between this approach 
(bottoming cycle) and the previous talk in 
terms of turl>o-corapounding? Do you see 
these as being competitive or do you see 
them as being complementary in some cases? 

A: I'd say they are both competitive and 

complementar)'- There is certainly the 
potential to do both waste heat recovery 
and turbo-compounding on the same engine if 
there is enough energy in the exhaust gas. 
The two energy recovery systems would be in 
series, first turbo-compounding and behind 
it a Rankine cycle unit. In the near tenn 
- as far as commercialization is concerned 


- we night find that they are competing 
systeras. It takes a little imagination to 
envision selling both packages with the 
conventional diesel engine. But with the 
adiabatic diesel engine, in fact, I think 
some of the studies the Army did showed 
projections with the two (energy recovery) 
systems in series. With the adiabatic 
engine, there is a lot of heat in the 
exhaust gas so it is probably quite 
reasonable (to use botlt systems). Because 
we don't recover the blowdown energy in the 
exhaust gas, just the sensible heat, the 
sura of the energy recovered by the two 
systeras in series would be greater than 
either one alone. 
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Assessment Program 


Roy Kamo, Luigi Tozzi, 
aiKl Ra) S^ar 
Cummins Engine Co. 
Columbus, IN 
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-,-nv 1 r r:.;:'.-:.- a 1 : e - - 1 r*. me.n t s as well as the 

r;..»;. :• - .n * ;■-«. -wt.r)eu px-'W^,’! p-antS- 

*r re.nui::' m t:ie run:; ing. 

.i'h;jt .xi i- -s'ne :: t ;ie trend ohar.gos tnat 

1 1 -V *.eei i .ne liesei vngmo us 
a na'cr competitor.' ’.’h.e Cmwiins 

ad laoat 1 c- t arrx’con: oand enui:;e, the rACC.'4« 
Oumrtiins ciinim'um :ri .tier, vngine, t.nocCE- 
TEOJ. Mac.»i kar. xi.lv cottoming rycie, as ^’eix 
as a .tost of ot.nvr ieVv j. opment activities 
underway ir. tnt* ..eav'.- luty ciesel trucx 
eng i:iv sect^.:r jo uid ‘.’ei’y well pave tne way 
for trie Lignt ' ut y .'vnicie diesel engine 
of the future. 

In reti’os'cect , * :ie forces making triese 


developments possible are advancements in 
materials, turbomachines, heat transfer 
technology, and design techniques. 

The purpose of t.nis LDV Diesel Assessment 
program, funded by N#\SA/DOE, is to identify 
the :<>Lvntiai*y promising concep’t.s and ap>- 
proacaes whicn will advance the LDV liosel 
vnui.nv teci'.noio jy . ri.vse concvpt.i 4;.d a: - 
: ruacr.es will oe juantifiod wnere ;xjssibit, 
and analysis of its influence on engine a;ii 
subsequently on vehicle performance will oe 
determined. The program will also identify 
the technological areas where r/'J work is 
required to bring t.hese concepts a.td ap- 
proaches to fruition. 

LDV SPEC 1 E ICAT IONS 


The oasvii.te venule i:; w;:un a:. adVsinoed 
LD'.' diesel engine will be installed is: 


..rnt:, . ,v'0 

.Aeriviy.namic : rau ;oe:fuit>nt .3 


Drontai Area, ft - 1 . •• 

l-rive Axle front 


^U'H 


Emi ssions 
Transmission 
No i se 

Doom mess Index 
MP'. 


Levels 
Autocaatic 
*0 -i£>A J 1 meter 
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The vehicle ind 
and analysis will be 
Dea^:»any of Dearborn, 


dr ive train six?ci f xcat ion 
pro visited cy t:ie .-'ord Motor 
Micnigaix, wnic.n is a 


subcontractor to this program. 

RANKING OF ENGINE CHARACTERISTICS 

Although each engine application places 
different weighting on each engine character- 
istic, the LDV diesel engine requirements were 
decided jointly with NASA. The engine require- 
ments and their ranking in the order of im- 
portance were as follows: 

1 . Fuel economy on Federal combined 
driving cycle shown in Figure 1 

2 . Emissions 

3 . Cost 

4. Crivealiility 

5. Size and weight 

•j , Noise 

Reliability and durability 

3. Multifuel 



.«00 IBOO HOC 


1 -• jf t:-.e power as 

a ior. af t-r'.e percentaqc fuel earned 

over the f ode >"al ■ dr ivinq cycle 

-iMr: 

Based on past and current diesel enqi.no 
tecnnoioqy, :nar.y options are available for 
consideration. Notable amonq t .nem are: 

. Enqir.e cycles ar'.d conf iquratio.ns 
. rrocnam.Der vs. .iirect section 
. .adiabatic 
. rurbocciTipoundinq 
. Miller cycle .Atjcinso:-. cycle; 

. Spark assist 
. Turbo chargers 
. So:nprex 

. r'ositive displace^aent 
. Ceramics 


. Injection systesn 
. Variable displacement 
. Antifriction bearings 
. Gas lubricated pistcn/liner 
. Oil-less operation 
. Preheat cycle 

. V£uriable inlet and exhaust valve timing 
. Higher air utilization 

ENGINE CYCL£S & CONFIGURATIONS 

The conventional four-stroke cycle engine 
was compared to the two-stroke design. In the 
future, the adiabatic concept is expected to 
emerge as a reliable low maintenance power 
plant with no cooling system. Further, the 
utilization of waste heat from the exhaust can 
further increase the engine efficiency. The 
loop scavenged two stroke or the opposed piston 
uni flow design has much to offer since poppet 
valves are not required. 

The opposed piston two-stroke design has 
the flK)st to offer because it does not have the 
complexity of the cylinder head. .Heat loss is 
minimal for this design. When the minimum 
friction gas bearing for the piston and cylinder 
liner is considered, tne opposed piston design 
with no side thrust or. the engine is ideal. 
Figure C s.hows t.he cross-section of a swing 
beam two-stroke opposed piston engi.ne under 
development by Sir W. 3. Armstrong Whitworth 
and Cocnpa.ny. 



.'ig. C - Sketen cf a fwc-stroke opposed 
Liston e.ncine 
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a four-stroke engine can be made to operate sat- 
isfactorily in the adiabatic form as in the 
TACOM/Cummins design shown in Figure 4. 


The use of advanced ceramic materials is 
expected to overcooe the major problem facing 
the two-stroke design, i.e. thermal loading. 
Absence of lubricating oil passing through 
the ports will enhance its emissions character- 
istics. Indeed, the advanced technology, i.e. 
adiabatic concept, minimum friction, etc,, 
certainly favors the opposed piston two-stroke 
design. The other features which favor the 
two-stroke engine design are: 

. High specific output 
. Lower torque fluctuation 
, NO valves or gear timing 
. Varicd)Ie compression ratio (opposed 
piston design) 

. Variable air flow t.hrough ports 

The four-stroke engine :.as served us well 
over the years. However, to ::ake advantage of 
the new emerging engine tecnnoiogy, additional 
complications may be necessary to compete with 
the two-stroke design. A case in point will 
bo the complexity in the cyii.nder head design 
with ceramics or its equivalent. Another will 
be the gas bearing piston and liner. A cross- 
head piston desic.n (see Figure 3) through 
additional crank, Scotch yoke, .Ahombic drive, 
pressurized nas. cr any other apr-roacr. will 
simply add to its comilex.ty. hor.etr.o ss , 




Fig. - Sketch vf a four-stroke cross-nead 
diesel engine 


rig. 4 - Cross section of t.he TACOM/C'ummins 
insulated diesel engine 

It appears at this stage that the emerging 
advanced engine tec.tnology will be more useful 
to the two-stroKe engine t.haxi the four-stroke 
design. It nas very favorable i.mpact on over- 
ming the oasic problems of the two-stroke 
engine of the past: 

1. Thor.mal loaiir. ■: 

i. dll co.ns-unpti on 

3. F.TUSsions 

4. Fuel consumption in some cases 

. . Fmoke 

ADIAEIATIC FNhTNE v'C'NC.'FPT 

The waterless adiabatic engine has received 
considerable attentio.n in recent years and for 
a, good reason. The engine operates without 
water or air tooling and simplifies tne iesig:! 
and installation of the engine i.nto a vehicle. 
Absence of a cooling system improves the over- 
all .dienaal efficiency and reduces the cost, 
size, weight, and most i-^portantiy , improves 
^^^^^hility and durability of the engine. 
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Consideraible progress has been made by 
TACOH/Cunanins on the adiabatic engine for the 
400 to 700 HP size range. Adequate use of 
ceramic materials is made to overcome some of 
the technological difficulties. At this point, 
the high temp<!rature lubrication problem in 
the adiabatic engine is the most severe one. 
Thus, the main problem in the efforts toward 
minimum friction engine with gas lubricated 
piston and cylinder liner becomes obvious. 

Lower carbon monoxide and hydrocarbons 
as well as particulates can be expected in 
the high temperature combustion of an adiabatic 
engine. However, the favorable NOx emission 
characteristic of the adiabatic engine was 
unexpected. Figure 5 shows the trade-off 
betvieen BSNOx and BSFC for an adiabatic and a 
standard cooled engine. Figure 6 shows the 
expected drop in particulates as compared 
with a standard water-cooled engine. 


<9®. ©SPe €^e!® 



Adiabatic vs Conventional Eraine 
Ralathra Carbon Particulate Levels 



B^EPipsi) 


- Comparison between cooled and 
ancooled enoines on a particulate emissions 
basis 


JJne o: ihe important fail outs of me 
adiabatic engine has been its multifuel 
capaoility. The hot cylinder walls ar;d 
cylinder nead walls exceeding iOOC'r con- 
tribute to tr.e combustion cf low cetar.e fuel. 
“Hire ~ Illustrates the excel.i.ent mul-tifiel 
characteristics of the adiabatic ec.Jine. 


rig. - Coatparison between cooled and 
ancooled entwines on a BSNOx-BSKC trade-off 
basis 



These bearings eure expected to operate at 
minimum friction without oil. 


Efficiency Comparison 

House Fuel vs. Synthetios 
1900 RPta .08S Static Timing 
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-lINiyjM .“HICTION TECUNCLOOY 

The ::b;ect.iVG of a minim\.tin frict'on 
er.< 4 i:ie is tj operate without oil and keep the 
frictional losses low. 1-as lubricated piston 
and lir.er without piston rings can contribute 
the cicst to the overall mechanical friction 
rei cot ion , h:i-;;‘. tc-mperature lubrication 

vrcnlor.s an idiaoatic engine will also 

:nv ;;icst severe irobiom facing the nas 
TotMca'.'d ristor. and cylinvier liner is the 
Side ‘-.rest induced by the connecting rod 
angu-arity. '.'o remedy this situation, a 
cr'' ss-hoad piston may be necessary in a 
'-‘.nvent lonai crank, f >ux-strcke cr two-stroke 
engir.e. ri.e opj-osed : iston, swin.g oeam, two- 
stroke engine described earlier nas no side 
thrust on t.he piston. 

Another approach toward cvercominq the 
Side thrust force on tne piston is to provide 
a passage for the cc«ttbustion :ases through the 
piston to obtain pressurizea gas bearing. This 
approach, nowever, is more complex and probably 
less efficient- Reliability may be affected 
by t.ne cofpO:)ustion products. 



r‘ig. ') - ;ross section cf an antifriction 
cearinu witn micropockets 

TbMBrSTtC-S' THA-^ER 

In the cast, it was considered that a 
trechainber engine was necessary for nign 
speed operation. Since direct inTection offers 
1 j to 15% improvement in fuel economy over tne 
: rechamber, a considerable amci.ir»t of develop- 
mo.nt efforts .s directed toward Zl . -'urther- 
more, .high BMEP operation with slower engine 
speed to reduce friction, such as the Cummins 
formula concept, is bourxi to enter the LDV 
diesel entwine field. A modern direct i.nnection, 
high BMEP, small diesel engine is seneduieu tc 
be in production next /ear. This engine 
ac.hieves a ainimixa fuel cor.suznption of .'-.338 
Ib/bhp-hr and the specific weight of the pack- 
age is only 4,5 Ib/hp. The six cylinder 
versic.i weighs 4,0 Ib/hp. 


The crankpin, wrist pm, and tlie cranX- 
shaft main bearings can be made from ceramic 
antifriction bearings as sh«own in Figure 3. 





In order to aci.ieve multifuel capability, a 
spark assist will be quite helpful. The adia- 
batic engine has demonstrated its capcibility 
to burn low cetane f’ al down to CNIO, as shown 
in Figure 7. A spark assist ccin further improve 
this as d€;monstrated on a IXIE Coal Utilization 
Branch program. Figure 10 shows improvement 
in combustion diagram with spark assist when 
burning middle distillate .SRC-2 coal-derived 
fuel oil with CN18. 
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end towar 


.o'Ai jDst. Hi-^wever, tor une IDV vnqir.o 
urbojhar :;or 5 are except lonaliy 
! V 1 rpn) niachir.es vit. 
ierod'/nam:LC ef f tcioncies. For practie. 
ns. It not adoptable to turoonorapo; 
s'eio:t.-d tv Jununins on the slower -:peO( 
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Fig. 11 - Sketch -:-f the Surxnias N:i t.;rbo- 
compound diesel e:;-r.:'.o 

If Wuistc '.'.oat ,;t.Llicatiou from t':\o oxr.jtst 
arid high respori-'O are desired, t'r.e •ositivo 

cases. An intorr.ai oxtanding type .'nacr.iiio 
is highly desirable, fr^tj the standpoint of 
efficiency. .Vn . vster* using such a 



rig. Id - Conceptual ss.etc:'. of the Catinu-nH 
LDV adiabatic rD compciind enciin.e 


The projected adiabatic ef f icienci-s of 
the highly efficient screw compressor ar.d 
expander .ire shown i.n Figure li. The *.rodict-. i 
performance by use of these machines ftr the 
rD compoand system is shewn in Figure 14. 

It is compared to a similar turboohar-re i :ir>c 
It must be noted that the compound ••:v-t..-m 
also i;as excellent resoense .-naractor: tics. 





.tdiabvitic •-■."'f 1 C C’.' r r 


CONVENTIONAL WASTE GATtO rjABOCHARGEft 5VSTEM 
Wusa Gub 



POSITIVE displacement COMOOoNO SYSTEM 


} 



tn-i- t-ositive iispiacemer.t -:.<pa.-.der .c-.d c : re. ; 

over a cop.vencionwil tur cocnar ce i -tvn 
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COMBlNfcD EFFiCICIENCY 


;..otner axr 'jandlir.q system considered -was 
the 'j^mcrex. The Ccraprex matches the r*=quire- 
ment of the LI^V iuty cycle -juitc well. The 
response character istics arc conducive to 
-xccKont .in veab il 1 ty . combined efficiency 
vs. load for a .'omprex und a turbocharger :s 
::;; 0 *^m IT. i-'igure 11. The performance of a 
Tcmprex jn a IT" iiesel cnoine is gufe ctvious 
: r ■:n this fi-pure. ne :f tr.e i.rooiems t.ne 
L*tnpr*.-x s the inability to ct:lic».- vastv 
uxnaust •..-.i.-ray to cntain .sefui wor<. 


4»— — ^ Comprex 

Turbocharge f 







X r. a u s t 
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application . 


The electronxcaliv controlled fuel injec- 
tion and tne electronic intake and exhaust valve 
control add up to a nucroprocossor controlled 
system which cari :ive optimized fuel economy, 
performance, and enussior. rharacter istics at the 
entire operatinc r;in<je ct tr»e vehicle. 

r'L.-'.aUy, a met.T>i ;o improve the part load 
efficiency of the tarrotorapc ica enqine would be 
hiqoly iesiraoie. .-Me rvcie oeinq lovestiqated 
now i.s tne : reneat cycle where tr.e confirecsed 
air 1.S r.eated n - t;.e waste vx;.aust -r.orqy. 

: iqure 17 lilusirates tiie cvcie on the ii-S 
diaqram. The ccnccstior. temperature may pe 
:<ept cc nstant over i wide operati.-.q ranqe md 
tnus i rtviiir.4 tne ‘ iroo;, am: < i.-. : amt wit:-, 
ademate exjiaust er.er:-.- fa:- ;i.,,rat:cn. 



PERFORMANCE PREDICTION 


- Horsepower 

- Engine Displacement 


80 

1.44 liters 


The select€id power plant for the Light Duty 
Vehicle Diesel Engine when installed in a vehic- 
le with specifi<ations described earlier is 
expected to give the following miles per gallon 
fuel consumption when fully optimized, starting 
with the prechamber diesel -powered vehicle as 
the baseline. 

Possible Improvements in Fuel Economy 

Over Combined Federal Driving Cycle 
Shown in Figure 1 

Baseline-Indirect Injection Engine 37.7 

Direct Injection Combustion System 43.2 

Formula Concept {High BMEP, Low Engine 45.3 

Speed) 

Adiabatic Concept 50.1 

. Thermal Efficiency Improvement 
. Elimination of Fan 
. Absence of Pulley and Belts 
. Ceramic Comp<3nents 

High Injection Pressure, Fast Combustion 53.0 

Optimized Variable Valve Timing 4 57.0 

Injection 

Minimum Friction Concept 61.4 

. Sas Bearing 
. Ringless Piston 
. Rolling Element 
. Antifriction Camshaft, Rocker 
. Elimination of Oil Pump 


Positive Displacement Compounding 65.1 
Hign Efficiency Part Load Air System 67. 6 
Water Pump Elimination 63.9 
Weignt Reduction of Er.gine, Accessories 69.4 
..rag Reduction of ’.'onicle “0.6 

evai.laxion 


■Although all the tec.hnical infcrnation 
from the various subcontractors is not in, they 
will ne con.sidered concurrent ly iur ino the power 

“r.ii:. 1 s 1 o iwisk, Oi'. '.'v it' 

, aaC-a, anJ thinkina, tihe LJV Jiesei 
vill r uvc^ cho loilowir.w? spo.r i f i cacxons 
j:.vi features: 

Srecif 1 cat ions 


' Zr.cine .'on: icur at lor. l; . I . , rr .'omrounded 

- iinuir.ti Jycle -i-Stroke 

- 3cro and Stroke **'' nm x "nun 

- 'Cisaoor Df .'ylinders 4 


- .'-tnpress ion, Xatio 14 

- Sated nr.uine Steed ri'cn 


Features 

Adiabatic - Uncooled (waterless) 

- Insulated Piston 
“ Insulated Liners 

- Insulated Cylinder Heads 

- Insulated Exhaust Ports 

- Insulated Intake Ports 

' Insulated Exhaust Mctnifolds 

- Insulated Valves 

Minimum Friction (oil-less) 

- Gas Bearing, Piston/Liner 

- Antifriction Ceramic Rollers 

. Wrist Pin 
. Crankpin 
. Main Bearings 

- Solid Lubricants 

. Valve Suides 
. Cams 
. Gears 

Mulcifuel Combustion System 

- Spark Assisted Giosel 

- May -Type CC 

- Fast Combustion 

- Low :;oise 

- Low Fniissio.ns 
— ow Loiso .w'esiun 

' Lvwer Lnuine Sited 

- Structured l«esigr. 

- SrKDoth Vofnbusticr. 
tZ G-Jc.poujid Systvin 





'■ Lx.taust .ias Waste Vtiliuatiw'::'. 

- .'utiftandinQ .-esicnie 

aCKK. SCHKDILF 

Trie wcrk scr.edu.e outii.ninu me :us.<> 
r.nus >.'L fiASA-spon.^oi ed yrogrun li i:. 

Taoie «. We have toapleted 7asx 3asit Fw'wer 
Tram definition, aiid are now re^i.nninu Ta^i^k 
Sower Tram .Analysis. 'yon romrlet ion ru-ix 
II. :he power plant :erfcrmar.»v a::d vnussion 
rjap should be fort-ncorainu - 
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The "crd Motof Company has hoe:, subcon- 
tracted to conduct the vehicle System Analysis, 
Ford will be provided wit.h t.te new ;.1V diesel 
Engine performance and emission,s characteristics. 
Ford will aid in conducti:i<j ixi'wer trai;; analysis, 
vehicle system character ization, vehicle cost 
analysis, power trai;i .loveiopment strategy, 
and i:i the identification of lc:iq-lead tech- 
cl, reiuirenents . 


Ai'VAh.'rd a;;: -vrivi dirCF; AFhpyyMFNi prc/frai' 

F.'Hf:ni;:,F if AmviTY 
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QUESTION AND ANSUER PERIOD 


Q: I have two questions. First you showed 

that you wanted to go with the two stroke 
concept and then with the four stroke. But 
wouldn't both of those detract a little bit 
from performance? It see^s to me that 
customers want a lot of acceleration 
performance nowadays at least, and wouldn't 
you be detracting from that? Second, for 
all these imijrovements, once you get past 
50-60 fPG your gallons per mile savings are 
pretty small. Are these going to be cost 
effective at all in any way? 

A; This engine number one has a positive 

displacement compressor and their response 
would not be slow. You know they have 
faster response than a turbocharger. And 
as for the last question, your guess is as 
good as nine ri^t at the moment. 

Q: Roger Storm, Carborundum. Roy, I have a 

corvnent rather than a question. We agree 
wholeheartedly with your assessment of the 
potential for two-stroke, particularly with 
regard to incorporating ceramics into the 
engine. And as you are aware, we recently 
ran the opposed piston two-stroke engine 
which you w(?re describing and were able to 
eliminate any lubrication or cooling and 
still got a very dramatic reduction in 
friction, lie will be presenting that in 
conjunction with Professor Timoney and 
Mr. Flynn as an SAE paper in February, 1983. 

A; Thank you Roger. I think that's a good 
point and for those of you who don't 
believe that you could run these engines 
witiiout coolant or oil, ask Roger. They 


have done it. They have done it with 
Professor Timoney ‘s opposed piston 
two-stroke engine and we see as long as you 
don't have any side thrust, it's a very 
simple winy of doing it. 

0: You showed several curves, Roy, of 

performance and some other curves on 
emissions with alternate fuels and 
particulates and so forth. Are those 
projections for one of these small engines, 
or measurements on one of your previous 
ones? 

A; Those are actual data from a single 

cylinder 5-1/Z" bore 6" stroke Wi engine. 

We think we could obtain similar results 
for this passenger car engine, but since we 
don't have an engine, I gave you the data 
from the NH engine. 

Q; Could you comment on how you think these 
figures might change with the smaller 
displacement for each cylinder? 

A: The smaller engine will have hi^er surface 

to volume ratio. I don't think it will get 
worse. If anything, it might get better. 
You shouldn't ask me that. I'm too 
optimistic. 

Q: It seems to me this is a rather long tenn 

project. When do you think you can 
coRWiercial ize this engine? 

A: That is a good question, but I have no 

answer because you need R5D funds. That 
push now is the dollar sign. 
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TACOM/Cummins Adiabatic Engine Program 

Walter Bryzik 

US Army tank Automotive Commantl 


- ABSTOACT 

This ■Baser discusses the goals, progress, 
and future plans of the TACCM/Cumaiins Adiabatic 
Engine Program. The Adiabatic Engine concept in- 
sulates the diesel combustion chamber with high 
temperature materials to allow hot operation 
near an adiabatic operation condition. Addition- 
al power and imoroved efficiency derived from 
this concept occtir because thermal energy, nor- 
mally lost to the cooling and exhaust systems, 
is converted to useful power through the use of 
turbomachinery arid higi-t-temperature materials. 
Engine testing has repeatedly demonstrated the 
Adiabatic Engine to be the most fuel efficient 
engine in the world with multi— cylinder engine 
performance levels of 0.285 LB/EHP-HR (43^ ther- 
mal efficiency) at U50 HP representative. Iir* 
stallation of an early version of the Adiabatic 
Engine within a railitary 5 ton truck has been 
completed, with initial vehicle evaluation suc- 
cessfully accomplistied. Design and procurement 
of long lead tim«! items for the next generation 
of Adiabatic Engine in the 600-750 HP power 
range is continuing. Work on the minimum- 
friction Adiabatic Engine version continues. _ . 

Advantages of the Adiabatic Engine include 
virtual elimination of the conventional cooling 
system, a minimum of lO^it improveiiient in fuel 
econoBiy over current diesel engines and a UOi re- 
duction in engine; size and weight. Elimination 
of th.e er.gine coctling system including cooling 
fans, radiators, hoses, shrouds, water put^, 
cooling ;ackets, cooling fins, etc., would pro- 
duce a quantum jump In reliability and maintain- 
ability as over iiO% of engine failures in both 
military and conwfe'rcial heavy duty vehicles are 
attributed to cooling system related items. 'Hie 
Adiabatic Engine would not be sensitive to con- 
ventional cooling: system damage. Because o*' 
high teaperature engine operation, smoother com- 
bustion, less engine noise, Impro'hed mltifUel 
characteristics and enhanced cold start, capabi- 
lity result. With this engine concept the en- 
tire philosophy of combat vehicle design becosas 
far less restrictive with regard to space claim 


and location of cooling system components. Dost 
of the engine is expected to be less than its 
cooled countemart on a $/HP basis. 

AS >«RU>.«EE ACTIVm in the area of Adiabatic 
Engine technology accelerates, it becomes in- 
creasingly apparent that the diesel engine is 
undergoing a dramatic technological transforma- 
tion. Future Adiabatic Engine characteristics 
will include improved efficiency, wider fuel 
tolerance, reduced size and weight, improved 
reliability, reduced noise, reduced cost, and 
greater vehicle/engine design freedom. The 
Propulsion Systems Di'vision of the US Army 
Tank— Automotive Command (TACO?) ,nd the Cum- 
mins Engine Company continue to aggressively 
pursue an innovative high— payoff concept 
called the Adiabatic Engine. This work effort 
began in 1975 as a paper study and has pro- 
gressed through full scale engine feasibility 
evaluation and preliminary vehicle demonstra- 
tion. As a result of the pioneering efforts in 
the area of adiabatic engine techi'wlogy pen- 
formed by the US Aray Tank— Automotive Command 
and the Cwumins Engine ‘Company, mary worldwide 
Goverjaaent, irulastry and academic sources have 
beguii work in. this general area. This papar 
discusses the overall strategy and definition, 
progress, ^lture plans, and implementation of 
the TACCM/Cuurains Adiabatic Engine Pix^ram. 

tSSCRlPTIWJ AKD AJDVAKTAGES OF THE ADIABATIC 
EKGIKE 

In the study of therBotJyaawics, the adiaba- 
tic process is defined as a no-4ieat loss process, 
hence, the adiabatic esiglne nsase implies a no- 
heat~ios8 etgine. It should be noted that this 
engine is not adiabatic, or without heat loss, 
in the true thewaodynaadc sense? however the en- 
gine is without conventional forced cooling and 
stri'wes to atniBise heat loss. The Adiabatic 
Ei^lne insulates the diesel cosbistion chamber 
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with high temperature materials to allow ’Tiot” 
operation with minimized heat transfer. The 
"hot" or insaLated high temperature components, 
include piston, cylinder head valves, cylinder 
liner, exhaust valves, and e:dnaust ports. Addi- 
tional power and improved efficiency derived 
from an Adiabatic Engine are possible because 
thermal energy, norwally lost to the cooling wa- 
ter and exhaust gas, is converted to useful po- 
wer through the use of turbomachinery and high 
temperature materials. 

A simplified schematic of the Adiabatic En- 
gine is shown in Figure 1. Following the engine 
flow path, air enters the turbocharger (is com- 
pressed) and then enters the insulated, high- 
temperature combustion chamber of the piston 
unit. Insulated combistion chamber components 
include those previously noted. Combustion 
occurs aj 2 d useful energy is extracted frtxn the 
piston unit. The high-temperature, high pres- 
sure exfiaust gas is then expanded through two 
txirbine wheels to extract as much as possible of 
the remaining energy. Cne wheel is used to 
drive the compressor, and the second is connec- 
ted by gears (turbocompounding system) to the 
engine crankshaft to further increase the useful 
power output of the engine. 

Fundamentally, the Adiabatic Engine is more 
efficient than a conventional diesel because it 
converts the cUel heat energy into adaitional, 
useful output. Tf-.ree oie-shaped energy balances 
of various configurations are shown in Figure 2. 
The first shows a conventional, turbocharged 
diesel engine with one third of the fuel energy 
being absorbed by the coolant, one-third going 
to the exhaust, and one-third going to useful 
energy (or power). The center chart represents 
an engiiae that utilizes turbocompounditig. Here 
the fraction of exhaust energy decreases, while 
useful energy proportionately increases. The 
last chart represents an engine that uses insu"’ 
lated, high— temperature components, combined 
with turbocompountling, to further increase the 
useable energy while proportionately ieoreasirg 
waste energy. Thus, the potential for increas- 
irg the useful work of the same fuel is greater 
for adiabatic, turbocoiapour.ded engines. Obvious- 
ly, the availability of such an engine would have 
great positive impact on future vehicle designs, 
particularly upon the design of military tacti- 
cal and combat vehicles. 

By greatly reducing lost energy and essen- 
tially eliminating th;e need for a conventional 
cooling system, the Adiabatic Engine dramatical- 
ly improves fuel economy and provides approxi- 
mately a UO ciercent reduction In weight and vo- 
lume for the same horsecovser fuel. Further, 
frot# a militJiry system standpoint, the component 
volume of the total "under ars»r" propul sion( Fig 3) 
system could be redsjced by 40 percent overall. 
Elindnation of the engine cooling syst«a, inr- 
eluding cooling fams, radiator's, hoses and 
shrouds wotild produce a remarkable increase in 
reliability sind maintainability. The engine 
would not be sensitive to most conventional cool- 
ing systems ctasage aand extrenMj environasental 


conditions. Fhel econooiy improveaients trans- 
late into increased vehicle range and reduced 
logistics concerns. Specific weight reduc- 
tions allow improved vehicle response, while 
less vehicle volusre allows reduced amwr cover 
requirements, reduced vehicle weight, and new 
innovative designs with improved survivability 
characteristics. The Adiabatic Engine’s high 
temperature operation also gives sssoother 
combustion and a wider range of acceptable 
fuels. With this engine, the entire philoso- 
nhy of cotnbat vehicle design becomes far less 
restrictive. Concerns regarding satisfactory 
locations for cooling grilles, air piassages, 
and associated equipsnent are eliminated. The 
cost of the engine is expected to be equal to or 
less than its cooled counterpart since engine 
radiators, cooling fans, water pump, seals, 
hoses, and costly water Jackets would be elimi- 
nated. Application of the Adiabatic Ermine to 
ccwmnercial activities provides advantages simi- 
lar to those discussed above and in addition in- 
cludes imjjTovements in the ai'eas of emissions, 
simplicity, vehicle aerodyn«nics, operating cost, 
and maintenance. It should be noted that 50^ of 
the commercial and military engine field fail- 
ures are cooling system related. 

OBJECTIVES AND STHATEGT 

The program seeks to develop adiabatic en- 
gine technology and demonstrate principles and 
payoffs from feasibility through vehicle imple- 
mentation. The Adiabatic Siigine has applicabi- 
lity over a wide range of power levels and vehi- 
cle types. Feasibility demonstration performed 
to date has been concentrated within the 25(^500 
HP range. Figtrre 4 shows potential applications 
within the military area. Starting with a cob- 
iiiercial 250 HP engine which Is in the asilitary 
5 ton truck, an uncooled version of this engine 
incorporating some ceramics ai»d turbocharged 
could be applied to 5 ton and 10 ton trucks. 9y 
adding the turbocosjpouxvd unit and more ceraasics, 
it is technically feasible to build a 500-700 HP 
engine, based on a highly modified coeattereial 
engine block. Ttiis version of Adiabatic Engine 
is currently being developed in the 500-700 HP 
range for application to tracked cosdaat vehi- 
cles. In the main battle tank category (1500 
HP), tlie Adiabatic Engine would begin with an 
all new design and discard the conventional cast 
iron engine block in order to coeepete with the 
po>jer density of gas turbine and rotary engines. 
Adiabatic Qigine studies are currently underway 
in the 1500 HP range for possible future main 
battle t«ink application. 

PRCttSRESS (OVERVIEW) 

A gi’eat deal of feasibility demonstration 
has been accowplished within the program to 
date utiUsti^ both single-cylind^ and milti- 
cylinder er^ixM testing phases. Engine testing 
has repeatedly dec :>sistrated the Adiabatic E^ine 
to be the most fuel efficient englt>e in the 
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Figure ? •* Military vehicle Toluaie reduction 
rfith Adiabatic £hgine 
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world with multi— cylinder engine performance 
levels of 0«285 LB/3HP— HS {US [jercent thermal 
efficiency) at ^50 HP representative. Over 500 
hours of imilti.—cylinder operation have been suc- 
cessfully accomplished to date. Installation of 
an early version of an uncooled engine vrlthm a 
military 5 ton tnick has been completed with 
initial vehicle evaluation comjJlete. This vehi- 
cle installation represents an early spin-off 
demonstration of the type of adiabatic engine 
technology which has been pioneered at TACOM. 
Design and initial fabrication of lor^ lead time 
items for the next generation of Adiabatic 2n~ 
gine in the 6C0-700 HP vo\-kt range is continuirig, 
with emphasis on compactness i performance, and 
manufacturing practicality. An on-going active 
basic support effort within the Adiabatic Engine 
Pi'ogi'am involves "minimum friction" adiabatic 
technology. This engine work emphasizes minimi- 
zation of friction through the use of components 
such as gas bearings, "ringless" pistons, low 
friction "dry" ceramic bearings and solid lubri- 
cants. 

UNCOOLED ADIABATIC ENGINE/ 5 IVN TP.UCK INSTALLA- 
TION 

An early version of adiabatic engine techno- 
logy has been demonstrated in a military 5 ton 
tnick. Figure's 5 and 6 show the truck as modi- 
fied to incort>orate improved aerodynamics, dri- 
ver visibility, and packaging characteristics. 
Figure 7 shows; the installed uncooled Adiabatic 
Engine. Note its uncluttered appearance which 
results from the elimination of 3fcl individual 
pieces (Figure: 8) including the radiator. Advan- 
tages of the uuncooled Adiabatic Engine are listed 
in Table 1, with listed fuel econcaiy savings a 
conservative estimate based on full load engine 
operation. Ptirt load truck operation (unloaded 
truck bed) revealed outstanding fuel economy or 
ov'er 9 miles per gallon during a round trip be- 
tween Detroit and Washiiigton DC. The current 
production military 5 ton truck utilizing the 
Cuaaiins NHG engine averages approximately 6 
miles per gallon in an unloaded test bed condi- 
tion, To date:, this uncooled Adiabatic Engine/ 

5 ton truck ir:stallation has accumulated over 
3000 miles of road testing on the highvfays of the 
eastern United States with no incidence of fail- 
ure. In addition, the last 500 miles of road 
testing was su;ocessfully accomplished in an over- 
loaded condition with 13 tons of cai'go in the bed. 

Tables 2 and 3 show characteristics of the 
uncooled Adiat>atic Engine. Note that the engine 
is based on the current Cummins NHC 250 engine 
and utilizes cerasdc costings througliout its co®- 
Imstion chamber areas. In addition, an uncooled 
Adiabatic Engine has been successfully endurance 
tested on a djriajixwsetsr for 250 hours, wltli one 
third of the test at full load. Figures and 10 
show coated zlrconia-based pistons and head taken 
froBi this engine after 250 hows of operation. 


Table 1 - Uncooled Adiabatic Engine Advantages 


• Lifetime Fuel Savings* $7,089 

• Volume Savings (ft3) 20 

• Parts Eliminated 361 

• Weight Savings (lbs net) 338 

• Elimination of Engine Coolant (qts) U2 


•Based on 2500 Hrs of Operation: $1.25 Per Gallon 


Table 2 - Uncooled Adiabatic Engine Components 

The folloiring components are coated with plasma 
sprayed ceramics: 

Component Coat Surface 

•Pistons (ductile iron) Piston Dome 

•Cylinder Liners (ductile iron) Inside Diameter 
•Cylinder Heads (cast iron) Coaibastion Surface 

Exhaust Ports 
Intake Ports 


Table 3 - Uncooled Adiabatic engine 

• Based on Current 2U0 HP NHC-250 Engine in 
Military 5 Ton Truck 

• In-line 6 Cylinder, Turbocharged 

• 5^* Bore, 6" Stroke, 355 cu« in. Displacement 

• 230 Brake Horsepower @ 2100 HR! 

• FJLimiaation of Water Cooling System (Radiator, 
Fan, Water Pimsp, Hoses, Belts, etc.) 

• Combustion System Insulation via Ceramic Coatings 


Table U. - AA750 Adiabatic Engine 
Specification 

• 750 3IP @ 3200 M 

• Minimum Fuel Consiaiption: 0.23 LB/EHP-HH 

• Bore X Stroke: 5 1/2" x U 3/4" 

• V— 8, High Speed Diesel 

Configuration 

• Turbocharged and Air-to-air Al'tercooling 

• Turbococroound Configuration wif" Radial 
Iri-floM Power TtErblne 

• IntaJee Itets Outboard of Vee - Desigrted for 
TW»d Iixhiction System 

• Insulated Combustion Chamber, Cylinder Ports, 
Manifold, and Turbiw Housing 

• Pulse Sjihaust Manifold with Pulse Converter 

• Rev Cylinder Head Design 

• Advanced Fuel System Design 
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Fl^ur« 6 - ttecooled Adiabatic &)giae vehicle 
installation 
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Figure 10 - Cylinder head ~ uiwooled Adiabatic 
Ssgiae (after 250 hr endurance test) 
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AA750 ADIABATIC ENG:CME 

Work continues on the next generation of 
Adiabatic Qjgine, with application to tracked 
combat vehicles in 1;he 600-750 HP range tar*« 
geted. The effort <niiTently involves design, 
initial fabrication, basic component devel” 
opment. The specifications and configuration 
of this engine are ishown in Table k, A prelind.— 
naiy cross-section of the AA750 Adiabatic Engine 
is shown in Figure 11. 

GCi^PONENTS — Basic component development of 
the AA750 Adiabatic Engine continues, with empha- 
sis being applied to both monolithic and coated 
Kirconia based materials. Zirconia based 
materials have been found to be desirable for 
Adiabatic Sijgine application because of their 
excellent insulating characteristics, adequate 
strength characteristics, and thermal expansion 
characteristics which are relatively close to 
some metals. A representative cross-section of 
a single-cylinder engine used for AA750 compo- 
nent development is shown in Fig. 12. TTie com- 
posite metal/ceramic approach is used throughout, 
with cerajidc materials generally designed to 
operate in a compressive mode. Resxilts utilizing 
both monolithic and coated zirconiar-based 
materials have been quite encouraging to date, 
with both types remaining viable options for the 
final AA750 Adiabatic Engine. 

Pistons - Various piston configurations con- 
tinue to be evaluated. Figure 13 shows an 
interference-fitted partially stabildzed zirconia 
(PSZ) insert within a ductile iron piston. Fig- 
ure 14 shows a second monolithic PSZ insert tvhich 
is interference fitted and brazed to a ductile 
iron piston to provide more complete insulation 
of the piston top, Figxire 15 shows a thick 
(O.lOO inch) coatee! and surface treated zirconia 
based/ductile iron composite piston. 

Liper - Various liner concepts continue to 
be evaluated. Figure 16 shows a monolithic par- 
tially stabilized zirconia (PSZ) insert inter- 
ference fitted into an iron sleeve. Figure 17 
shows a thick (O.ICXD inch) and surface treated 
zirconia based coating applied to an iron liner , 
sleeve. In addition, work using a monolithic 
alumina-iron composite liner continues to be 
evaluated. 

Head de lated C ompon e nts — Work continues in 
the headface insulating plate, valve, valve seat, 
alve guide, and e;chaust port areas. A headface 
plate -with integral valve seats and made of par- 
tially stabilised zirconia (PSZ) is shown in 
Figure IS, with exl;ensive test of this component 
particularly successful at brake mean effective 
pressures of up to 2C0 PSI, Tne sliown headface 
plate was interfertjnce fitted into a metal head. 

An installation of PSZ valve inserts into a metal 
head is shown in F;Lgur^ 19, with significant heat 
transfer reduction measured relative to the ra- 
ther small ceramic insulating area of the 
inserts. Figure 20 shows PSZ valve guides 
mrrently being evaluated for the AA750 Adiabatic 
Engine. Hbdiaust port work involves continued 


evaluation of a zirconia-metal form coeiposite 
casting in a metal cylinder head and an aluminuBi 
titanate casting (Figure 21) in a metal cylinder 
head. 

MINXMtM-FRICTICM ADIABATIC ENGIHE 

An on-going, active, basic support activity 
for the Adiabatic Bovine Program is the 
”minli«iB»-friction" adiabatic engine technology 
effort. Ibis effort emphasizes Bonimization of 
friction through the use of components such as 
gas bearings, "ringless" pistons, low friction 
"dry*' ceramic bearings and solid lubricants. 

The engine is projected to incorporate all the 
advantages of the current Adiabatic Sigine 
types, plus further improve fuel economy to 
0,25 UE/BHP>41R (54 percent thermal efficiency) 
and eliminate the engine oil system. A repre- 
sentative schematic diagram of this concept is 
shown in Figure 22. Progress to date has 
included l) initial fabrication and rig testing 
of vartous piston/liner combinations, 2) evalua- 
tion of low friction bearings, 3) completed 
design and initiated fabrication of an advanced 
camshaft/valve train concept, and 4) initiation 
of molticylinder integration of the components 
discussed above. Initial component integration 
of the minimuro-frictioa Adiabatic Engine into a 
multicylinder configuration is scheduled for 
1983. Beginning in 1983, this basic support 
effort will incorporate additional advanced de- 
velopment areas including variable valve train, 
porting/manifold system, and cylinder block and 
head. 

FUTURE FLAMS 

It is important to note that an Adiabatic 
Engine can be applied to a wide range of mili- 
tary vehicles, ranging from trucks to main 
battle tanks. In addition, adiabatic engine 
technology can be applied commercially to ground 
vehicles from trucks to automobiles and to such 
applications as helicopters, winged aircraft, 
locomotives, marine use, etc. 

Figure 23 shows projected pj-oduction avail- 
ability dates of various spinoffs of adiabatic 
technology and the fuel economy of these various 
config(arations. Turbocoaipound diesels have been 
demonstrated with fuel economy as shown, and win 
be available for production in 1985. The US Krmy 
has demonstrated an uncooled engine in 1982, and 
it appears that this type of engine could be 
available for paroduction by 1987. The full Adia- 
batic ajgine with turbocoBipoimding is projected 
to be available for production in 1992, These 
dates could be accelerated with increased funding 
levels for applications from auto»obi].es to main 
battle tanks, and in fact recent accelerated 
activities by varicsis international, concerns may 
well prove these availability projections to be 
extremely pessimistic. 
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Figure 15 - Tt-ick (O.lOO inch) sirconia coated 
piston 



F:lgure 16 - Partially stabilised slrconia/iron 
cylinder liner 
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FREDICTED PRODUCTION DATE ADIABATiC ENGINE SPIN-OFFS 

ENGINE PROGRAMS 



Figure 23 - Predicted production dates Adiabatic 
Eivgtne spin-offs 
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Work to date has demonstrated the feasibi- 
lity of the W.CCW/Cusssdns Adiabatic 3kigine «ai- 
cept, and has shovm many draa«t.ic results 
including the world's best ftiel econoey. The 
uncooled Adiatiatic £br)gine, utilising a metal 
coaiposition and a]:^ication of miniaal ceraiidc 
coatings on cidtical engine components eatergcs 
as a breakthrcfugh in engine te<±nology. The po- 
tential of high performance ceramics in an 
Adiabatic Eiigine has only begun to be explored, 
vd-th margr interaational concerns greatly acceler- 
ating efforts in this field. Ckie should expect 
continued draaiatic results iji the area of 
adiabatic engine technology to surface on an 
international scale in the near future. 
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chat exhibit greater fracture toughness and are 
auch aore thermal-shock resistant than conven- 
An .iluminum oxije based Tiiiterial that con- cional ceraaics and are also Impermeable to 

tains approxi:aa:eiv I vol tinelv dispersed liquids in high temperature oxidizing 

platinum or chroniura was developed ror use in atmospheres .( 1 , 2 ) These new taaterials were 

high temperature, the rT.a 1 -shoe k resistant eloc- developed ror use as long-lasting electrical 

rrical insulators. These composites are produced insulators and have performed well In Large 
by hot-pressing Al^O-j-Pt or Al 203 -Cr powders simulated pressurized water nuclear reactors 

containing fine cn^tillic particles obtained bv during loss-of -coo lane experiments. However, 

in situ reduction )* platinum chloride )r chro- they also show p^>tential in valve and purap oora- 

mium nitrate. These ckiteriais: il) have high ponencs for chemical processing, cutting tools 

fracture toughness 'about twice Chat of conven- and abrasive grains, electronic tube envelopes, 

tional alumina. (2) .ire excellent electrical and advanced heat engine components, 

insulators (resistivity comparable Co that of DMT ceramics are produced by pretreating a 

aluminum oxide up to at least bOO'C, (3) are fine-grained alumina powder with a dilute solu- 

highly resist<int to repetitive thermal tran- tion containing a metal compound. The metallic 

sients of 300'’C's. C ^ ) ?\ave greater than 97X of compound is subsequently reduced to leave a 

theoretical density, and (S) are readily join- small amount of a very fine dispersion o^ 

able by brazing to metal components. TTie tough, ductile metallic particles throughout 

improved toughness and thermal shock resistance the alumina matrix. The dispersed metal phases 

of these materials ire evidently attributable studied to date include chromium, platinum or 

to both the o«?tal particles (that imj^edo and iron, but a wide range of metals could be used 

divert cracks) and to a mixed morphology of the depending on a particular application. The 

ilunii:'<a grains that ilso causes crack, deflection basic shapes of the ceramic are fabricated by 
and branching. Both of these mechanis’-s are j hot-pressing in a graphite die or by pressure- 

sigairicant is they lead to stable era* % growth. less sintering. The raaterial can subsequently 

^ J he joined to itself or to roetal components by 
brazing to make larger or more complex jxarts. 

ONE OF THE MOST SIGNIFICANT FACTORS limiting FABRICATION 

the use .n' ceramics in structuril appllcactons 

is the low fracture toughness of these The ceracslc-iaetal powders are prepared by 

materials. In gentral, ceramic (materials are coating the ceramic particles with a la^tal pre- 

brittle; they fall from the elastic propagation cursor .ompound, then decomposing the precursor 

of flaws or cracks with very little, if aiay, under conditions that result in fine metal par- 

plastic deforsaatlon generated at the crack tides dispersed on the ceramic particle sur- 

tips. Thus, ceramics fracture with a very face. Alumina was used In the initial work as 

small strain i:o failure and because little the :eramic aatrix because it is an electrical 

strain energy Is absorbed before fracture (with insulator, is essentially insoluble in hot 

the exception of the transformation toughened water. Is resistant to steam corrosion, can be 

ceramics and the fiber reinforced glass- brazed to laetals, and is readily available, 

ceramics which contain sstall (S— 10 u®I diameter Platinum and chromium were extensively tested 

SiC fibers). as the dispersed aetal, and Al 203 -Pt and 

A series of Dlspersed-Metal Toughened (DMT) Al 203 -Cr composites containing about I vol t of 

alusinuia oxide based materials are being studied finely dispersed isetal were found to have 
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significantly iaproved thermal shock resistance. 

The first step in the production of Al 203 -Pt 
composites consists of the formation of a slurry 
of alumina powder in a methanol solution of a 
soluble platinum compound, PtCl 4 or H 2 PtCl 5 
(Fig. 1). The solvent is evaporated with con- 
tinuous stirring. The platinum compound is 
reduced vrtth hydrogen, depositing finely dis- 
persed platinum particles on the AI 2 O 3 powder. 
Composite powders made from reagent grade alu- 
mina or from Alcoa A-17 alumina containing 
0.5-1. 5 vol I metal were hot pressed 15 minutes 
at 1610°C and about 55 MPa to obtain near- 
theoretical density. Special graphite dies 
perraitted higher pressing pressures that were 
needed to achieve adequate density with smali- 
diaineter composites. 


( 1 A) I 


I ■tCtdl P<‘»c«rtOP 

1 PtCUKr(»0,) 


n 




:zr 


J 

h-~— ■ 

1 1 


X 


J [for Cr{«0,)j] 




1 

I 

1_ 



Fig. 1. Processing flow diagram for 
Dispersed-Metal Toughened Alumina - 


Composites of alumina with chromium owtal 
were prepared and tested to provide a less 
expensive substitute for platinum-containing 
material. Tne reduction of chromium compounds 
to the metal Is very Ufflcult eind could be 
accomplished only ulien an additional reducing 
agent t«as present. Paraffin served satisfac- 
torily in this capacity and was added in an 
amount equal to one-half the weight of the 
chromium coEpound. A solution of paraffin in 
hexane was slurried with the alumina powder. 

The hexane was removed by gently heating with 
stirring. The compound Cr(K 03 ) 3 ' 9 H 20 vsas then 
deposited on the p»araf fin-coated AI 2 O 3 po.jder 
from a issthanol solution by evaporating the 
solvent with stirring. After the powder appeared 
dry. It was further dried in an oven at llO'C. 

The chromluis nitrate was usually added In 
anounts equivalent to 2 wt % Cr (~l.l vol Z). 
Substantial or complete conversion to isetal was 
accomplished by beating In a hydrogen atnosphere 


atmosphere at about 1300°C for 10 gdn. No 
deleterious effect of possible residual carbon 
was detected. Hot pressing conditions for 
Al 203 -Cr powders were similar to those for 
Al 203 -Pt, (l.e., 1600°C, 10 minutes and 55 MPa.) 

Samples of the DMT material are black In 
color both on the surface and through the body 
after hot pressing. We observed only a very 
limited surface reaction (between the graphite 
die and the powder) that did not extend an 
appreciable distance into the composite. Hot 
pressing of Al 203 -powder with a nsolybdenum 
liner isolating the powder from the graphite 
made no detectable difference in composite prop- 
erties. Composite pieces with lengths greater 
than about 13 mo were hot pressed with a 
Crafoll* liner to facilitate removal from the 
die. Composite tubes as large as 47.6 m 00 by 
about 44.5 ram long were produced by Ixjt 
pressing. Hot -pressed bodies 10.2 mm in 
diameter by 31.7 tan long had no appreciable 
density gradient- A selection of some of the 
sizes of the DMT material that have been fabri- 
cated by hot pressing is shown In Fig. 2. 

RESULTS 

The mlcrostructure of an Al 203 _pj composite 
is shown in Fig. 3. The apparent grains 
outlined by the platinum particles actually 
represent agglom-erates of small particles In 
the original alumina powder. Grain growth 
occurring during hot pressing causes grain 
boundaries to sweep past the metal particles 
leaving the particles distributed through the 
grains. An example of this, along with fairly 
extensive exaggerated grain growth is shown in 
the etched Al 203 -Pt sample of Fig. 4(a). Trans- 
mission electron microscopy [Fig. 4(b)] shows 
that the platinum particle size is in the 
range of 0.1-2 11 m. Figure 5(a) shows the 
mlcrostructure of an Al 203 -Cr composite in 
reflected light and Fig. 5(b) shows a transmis- 
sion micrograph. The latter Illustrates that 
the chromium particles are occasionally rod- or 
disk-shaped and are larger on the average than 
the platinum particles. 

COMPOSITE PROPERTIES 

THERMAL SHOCK BEHAVIOR - The DMT materials 
were originally developed as electrical Insula- 
tors for sensors exposed to the severe tViermal 
transients of a simulated loss-of-coo ant acci- 
dent In a pressurized water nuclear reactor 
core- Thus, the resistance of these Biaterials 
to ther«»al shock was a very Important property. 
Rather than trying to develop data on the ther- 
mal stress resistance parameter ATc of these 
materials, we were forced by constraints in 
time to use a simple test that was directly 
related to the Initial application. Hot-pressed 
samples were nested la air to 500°C and dropped 
Into wter at 80°C. The approximate rate of 
cooling, determined by attaching a thermocouple 
to a smisll specimen and recording the temperature 
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Fig. Al 203 ~*- ’'ol 2 Pt ceramic, (a) Polished surface etched with H^PO^ showing mixed 
mlcroatructure and (b) transmission electron micrograph showing Pt particles (arrows) and voids 
(white spots). 


during quenching with a transient recorder, was 
about 600°C/s. The hellura permeability was 
measured by clamping the specimen in the end of 
a rubber tube, applying 0.17 MPa (25 psl) helium 
to the enclosed side, and then »onltorlr,g heliua 
leakage. The hiel lua permeation was usually 
detected by observation of bubble formation in 
ethanol, and in some cases this was qualitatively 


calibrated by comparison with mass spectrometer 
aeasureaent of belicat leak rates. The required 
thenaal shock resistance of composites as indi- 
cated by heliun leak tests was arbitrarily set 
at 5 X 10 ^ oB^/s after 15 quenches for 10- and 
15-oHa-dlaiB iiaoples. Quenched specimens were 
not used in prodactloa of sictual sensors, but 
quenching results were used to evaluate adequacy 
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I'lg. 5. AI 2 O 3 -I vol X Cr ceramic, (a) As-polished surface of specimen quenched 50 times, 
exhibiting frequently diverted crack (arrows); and (b) transmission electron micrograph showing 
faceted Cr particles (arrows). 


of other samples hot-pressed in the same opera- 
tion. 

Host composites produced met the thermal 
shock resistance requirement. Small specimens 
(3 mm dlam) were not regularly subjected to 
quenching tests because they consistently 
passed. The thermal shock resistance tests 
were useful for evaluating the composites in 
the 10 to 15 mra size range. 

A comparison of the thermal shock 
resistance of these composites with that of 
conraerclal ceramics, and with alomlna speclurens 
produced similarly but without the metal 
dispersion demonstrated that the composites 
were significantly superior- This particular 
thermal shock test determines in effect how 
much stable rather than catastrophic crack 
growth cxicurs during the transient thermal 
cycling. A variety of conditions can affect 
stable crack growth during theriaai shock. It 
can Ik? Increased by the Introduction of 
microscopic voids or cracks in the main crack 
tip 2 ;one or by localized plastic deformation. 
The dispersion of fine metal particles which 
■ ave theraal expansion coefficients less than 
the laitrlx and/or deform plastically can pro- 
duce such effects. In Fig. 5(a) a crack can be 
seen in a Al 203 -Cr composite that has been 
quenched 50 times. The crack grew stably and 
followed a tortuous path with diversions and 
splits, finally disappearing from the surface 
of the specimen. It Is evident that the energy 
to propagate such a crack must be greatly 


Increased compared with a scioother crack in 
conventional materials without the metal par- 
ticle dispersion. The moderate amount of 
exaggerated grain growth observed In these com- 
posites may also add defects, such as tiny 
cracks, that further Increase the thermal shock 
resistance. 

Evidence suggests that the metal particles 
in the composite" may also Increase thermal 
shock resistance by plastically deforming. The 
transmission micrograph of Al 203 -Cr in Fig. 6 
shows what appears to be a crack in the ceramic 
bridged by a chromium particle that has 
extensively deformed plastically. 

MECHANICAL BEH.kVi.0R — Although the prin- 
cipal requirements for the dispersion enhanced 
ceramics were superior resistance to thermal 
shock, some of the material has been charac- 
terized as to mechanical behavior as will be 
discussed below. Although admittedly the 
results are somewhat preliminary, we think that 
the general trends in the data are encouraging 
enough to justify more extensive studies on 
these materials. 

A limited test of mechanical strength was 
made by three- and four-point bending tests. 

The average values obtained for samples with 
various alumina grain sizes .and morphologies 
(e.g., large plate-llke grains in fine grained 
matrix) are given in Table 1. The breaking 
force of the fine grained material was 700 HPa 
for the Al 203 -Cr (2 wt I Cr); that for the 
AloO-j-Pt was 530 MPa; and that for pure AJ.oO^ 


294 


E-30839 



I n um 1 


Fig. < 1 . Transmlsst jn electron micrograph 
of ••UoO^-Cr showing Cr particle that appears to 
have iKen deformed dulng passage of crack that 
it bridges. 

cylinders, prepared similarly except without 
the metal dispersion, was 670 KPa. It Is 
obvious that changes In grain size .and morpho- 
logy (l.e., formation of plate-like grains) are 
detrimental to the fracture strength of Che 
composites. However, as will be seen later in 
this report, the fracture toughness of the alu- 
mina with mixed grain morphology is slgnifi- 
cantlv greater than chat of the fine-grained 
materia 1 . 

Table . Fracture stress of alumina with and 
without dispersed metal particles 



The compressive strength of s- 25-iaa-diaB 
cermet cylinders is given in Table Z. As with 
breaking stress, the .Al2*73^-Cr sample was the 
strongest. Dtaaond pyramid hardness values 
determined with a 50-g load are also contained 


in Table 2. These values follow the saae order 
of three-point breaking strength, Al 203 -Cf. 
AI 2 O 3 (pure), AljOj-Pt. 

Table 2. Compressive strength and hardness of 
dispersed-metal toughened ceramic 


Material 


Strength 
( 0.002 in ./min) 
(MPa) 

Diamond 
pyramid 
hardness 
(50-g load) 

AlpO^-l.l vol 

Z Cr 

3040 

2311 


X Pt 

2632 

2137 

AI 2 O 3 (pure) 


2582 

2158 

Zr 02 ^ (partially 



stabilized) 


1280 


^Commercial material. 


The DMT alumina ceramics have signifi- 
cantly greater fracture toughness than ccamer- 
clai alumina or advanced structural ceramics 
such as SiC or SljN^. Typical room temperature 
fracture toughness values (as determined using 
applied moment double cantilever beam 
specimens) for these new materials and some 
commercial materials are given in Table 3. The 
values demonstrate that our materials, although 
containing only one vol t or less of dispersed 
metal, can have significantly superior fracture 
toughness . 

Table 3. Fracture toughness of dispersed-metal 
toughened a'umlna and some commercial 
structural ceramics 


Fracture Toughness HlPa'm*^ 


Material 

vol ume 
t aietal 

Fine 

grain 

Hi xed - , , 

. , Coffloaercial 

»orphology 

AI 

» 

4.7 

> 5.3 

Al — Cr 

1 

•* . f 

<.9 

Al-rOY-Pt 

0.7 


7 

PSZ^ 

- 

- 

6.3 

Slj.s^. SIC 
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•Partially stabilized ztrconla. 


The Increased toughness demonstrated in 
the composites could greatly enhance the use cr 
ceramics in structural applications. 

1. The size of discontinuities (flaws or 
cracks) which control the tensile strength must 
general Iv be kept very small In order to 
achieve good strengths. This is seen from the 
relationship of tensile fracture strength (Of) 
to flaw size (C) and fracture toughness 

Of “ TK j ^ C ^ ( 1 ) 

where T is a geoatetrlc factor. 


28S 


For exaaple, for a typical aluaina ceraalc 
with Kiq * 4 MPa'm^ and with Y assigned a value 
of 0.8 (typical for a semicircular flaw in 
flexure) and a fracture stress Of ” 700 MPa 
('-100 ksl), the critical flaw size is only 
21 pm. 

Producing complex ceramic components while 
maintaining flaw size; below such a small value 
is extremely difficult, and the problem Is 
complicated further by the lack of nondestruc- 
tive examination (NDE) techniques capable of 
readily detecting such small defects even In 
simple shapes. 

One can see from Eq. (1), however, that if 
a taaterlal’s fracture toughness (Kj^^) can be 
doubled, the allo%yable discontinuity size is 
Increased by four times while tEalntaining the 
same fracture strength. Thus, Increasing has 
a very practical advantage in that those larger 
flavrs are much more readily detectable. 

For example, if all values for the alumina 
ceramic considered al>ove are the same except 
that: ” 8 MPa'm^^, the critical flaw size Is 

Increased to a snore readily attainable (and 
detectable) 84 pm. 

2. Associated *^irlth the above, ceramic 
materlcis with enhanced toughness could be used 
at higher service stresses (because of higher 
fracture strengths) If components were produced 
with small flaws that were detected by Improved 
SDE technique*?. 

If. In the case of the ceramic with Kk; * 

8 discontinuities can be shown to be 

less than 21 um, then the tensile fracture 
strength will be >1400 MPa (>200 ksl). This 
would allow the material to be used at a signifi- 
cantly higher service stress or provide a greater 
working margin between service stress and frac- 
ture strength. 

3. In addition most. If not all, ceramics 
are susceptible to the slow growth of cracks at 
applied stresses well below their fracture 
strengths. The rate of flaw growth increases 
until failure occurs, either as the applied 
stress approaches the fracture strength or as 
the length of the flaw Increases in size at » 
fixed low applied stress. This process 
controls Che time to cause failure in a com- 
ponent at applied static stresses less than the 
fracture strength. 8y increasing the fracture 
toughriess of the material one can increase the 
stress level at w^nch such slow craeV; 'th 
limits the lifetime of a component. 

PHYSICAL PROPERTIES - There are only 
limited data on the physical properties of the 
dispersion toughened ceramics. The thermal 
expansion of Al 203 “f'’f ') is little 

cVianged fro® that olf AdjO-j. In the temperature 
r.ange of room temperature to 10(X)"C, a value of 
3.7 » was obtained. Electrical 

resistance measurements up to 7O0*C showed the 
resistivity was Inversely proportional to the 
metal content (e.g., the Al 2 l^ 3 "*^^ had a 
0.7X lower resistivity than pure Al^O^). The 
thermal conductivity of the ceraet *ay show the 
same effect of a slight increase with metal 
content. We have not performed extensive long- 


term stability tests on the composite materials. 
However a sample held 516 h at 940*C In air 
showed !» deterioration in resistance to 
thermal shock and very little change In 
microstructure . 

BRAZING CERAMICS — One of the key tech- 
nologies that %rill enhance or restrict the use 
of ceramic materials in high performance appli- 
cations (e.g., heat engines or advanced heat 
exchangers) Is the ability to reliably join 
simple-shape components to form complex 
assemblies or to join unit lengths of material 
to form large systems. Although by careful 
selection of location or through Judicious 
design a joint in such applications may not be 
required to %rithstand the full intensity of the 
various service conditions (such as temperature 
or stress) as the bulk ceraalc material itself, 
it is of course highly desirable that a 
ceraalc-to-ceranic or ceramlc-to-wetal joint be 
capable of operation at near peak conditions. 
Unfortunately, although ceraalc joining tech- 
nology has been highly developed over the past 
fifty years or so, most of the effort has been 
expended in developing materials and techniques 
for applications chat will see service at low’ 
temperatures and with low structural require- 
ments. 'The development of technology for 
)oining ceramics for a*ie at elevated tempera- 
tures. at high stress levels, and in dlrcv 
envlroncaents has been very limited. 

At least three techniques appear to liave 
at least some promise for joining of ceramics 
In high perform^mce applications: (1) mechani- 

cal joining, (2) brazing, and (3) diffusion 
welding. However, based on careful con- 
sideration of the advantages and disadvantages 
of each technique, we have concluded chat 
brazing has the most potential ior meeting Che 
ceramic joining requirements in heat engines 
such as the advanced l>eavy dutv diesel ir 
advaru ed gas turbine. 

However, brazing of ceramics is con- 
siderablv more difficult than brizlng >f netal'? 
because nost coianercially available brazing 
tiller netals will not wet ceramic -aAlerials. 

This problem has been overcome in >ost appllca- 
t ions ceramic brazing bv first ipplving \ 
metallic coating to the ceraalc substrate and 
brazing to this coating with a conventional 
filler metal. The large cowmetcial ceraaic-t:>- 

sea! Industrv And lans* electronic ipi'l - 
.-ations are based >n tnis technology. 'ior ‘ 
recently a number of researchers have developed 
filler metals (based on active metal Additions 
that wet some ceramic ^terials iirectlv 
without the rwred tor precoating, and that is 
the technique that was used to ‘oln i *arge 
number of the CMT alumina insulators into the 
.•arlous sensor subassestbl les shown in Kig. 
hired brazing avoids the development ind 
application of wiiat is in many cases a s*ery 
sophisticated coating or artalllzing treatment. 
Also the bond strength and corrosion resistance 
of a coating does not have to be of concern. 

Filler metals used for direct brazing (as those 
used to braze precoaled ceramics) will ^enerallv 
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Fig. 7. Typical brazed sensor 
subassemblies incorporating dispersed-plat Inuii 
toughened alumina Insulators (black material in 
photo ‘ 

not have the oxidation resistance of many high 
purity ceramics at their maximum service tem- 
peratures, but of course many cooraerctal ceram- 
ics must operate at lower temperatures because 
of the effect on properties of dcnsif Icat ion 
or sintering aids. On the other hand brazing 
of ceramics in general Is in many cases i«de 
difficult hv the mismatch between coefficients 
of thermal expansion of the ceramic and the 
generally metallic filler metal. 

One .■•nal hindrance to direct brazing of 
ceramics Is the fact chat only a very few filler 
met.als that will wet ceramics are sold cornmer- 
cl.illv. Thus In most cases these Important 
fillers ire made by the user company or labova- 
torv. 

The jetting behavior of a liquid (braze 
aliov' in .1 solid (ceramic In this case) is 
dependent in the surface energy of the solid, 
the surfs. e tension of the liquid, and the 
S. 1 1 i J - 1 1 1 'sl d interfaclal energy- Tlie phenosena 
It w-’tting, spreading and adhesion of molten 
cjatert ils mto subs-crates have been studied 
•N t ■ t s t through the years, primarily using 

tr.e sessile drop ase t hod . ( 3 , 4 , ' ) These and 
oct-er .'eseai chers liave shown that although taany 
metal 'Ic elements by themselves will not wet 
and Iwnd to ceraialc materials, wetting can be 
promoted Pv the addition of specific alloying 
elements. It is Important to note that for a 
braze alloy to be "successful" it is not suf- 
ficient that the surface tension of the molten 
material be alnlalJed but also that the solid- 
liquid incerfactal energy be decreased. Thus 
Improved i®tclng can always be obta.lned by 
decreasing the Interfacial energy and tmay be 
obtained in some ca.«es by dccreaslndj the sur- 
face tension of the liquid. 


One of the aast beneficial eleoents added 
to brazing filler aetals to promote wetting of 
ceramics has been tltanlua. Tltsnluo and other 
reactive metals such as zirconium and hafnium 
evidently aid in wetting and adhesion by 
decreasing the Interfaclal energy rather than 
by changing the surface tension of the molten 
filler. This change In interfaclal energy Is 
brought about by the reaction of the titanium 
or (other reactive metal) with the surface 
oxygen atoms (In the case of an oxide ceramic) 
so the degree of adhesion Is a function of the 
free energy of oxide formation AF*f of the 
additive. Thus the most beneficial brazing 
filler metal additions are those that are 
strong oxide formers (for brazing of oxide 
ceramics) or strong carbide formers In the case 
of carbon-base ceramics. 

The sensors shown in Figure 7 were made 
passible by a unique ceramlc-to-metal seal 
system based upon both the dlspersed-raetal 
toughened alumina Insulator and an experimental 
brazing filler metal also developed at this 
laboratory. This seal system has been shown to 
be resistant to at least 100 h exposure Co 
TOO'C (1470°F) steam, and repetitive thermal 
transients of 300“C/s. For example, film 
sensor subassemblies (one Is Identified by an 
arrow In Fig. 7) containing a relatively large 
platinum-dispersion toughened ceramic Insulator 
(12.7 am dlaia) typically have helium leak rates 
of 10”^ or less after 35 such thermal 

transients. 

The sessile drop apparatus shown In Fig. 8 
ts being used to evalute the wetting behavior of 
experiisental brazing filler metals on various 
substrates. Tliis particular unit uses induction 
heating with the ceramic substrate enclosed in a 
tantalum susceptor. Typical results from this 
apparatus are shown in Fig. 9 for the 
49 Tl-49 Cu-2Be filler metal that was ultima- 
tely used to braze all of the high teope iture 
sensors shown In Figure 7. 

The sessile drop unit is presently being 
used in o«r task to develop a filler metal for 
brazing of partially stabilized zirconla to the 
ductile iron metallic components for one version 
ot an adiabatic diesel engine. Work is also 
underway on a high temperature, oxidation 
resistant alloy for brazing of silicon carbide. 
Both efforts are supported by the small arc- 
aielter shown In Fig. 10 that enables us to melt 
one gram buttons of experlsicntsl filler metals. 

FRACTURE TOOOSMESS OF ESAZED JOISTS - The 
traditional engineering approach to design of 
fall safe structures has been the use of conser- 
vative nominal stresses. However, too often the 
exlstance of a critical defect has resulted in 
catastrophic failure. Therefore, the evaluation 
of fracture mechanics has become Increasingly 
important to the designer, and methods of 
snslytlcally describing the resistance of a 
material to fracture have been developed. 

Braze jotate are generally designed on the 
basis of shear strength data, but It Is our 
contention that many joints are loaded in 
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Fig. 9. Sessile drop of 49Tl-49Cu-28e experiaental braalng filler netal on a 
substrate of Al^Oj-l vol Z Pt. 
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43SO-82 Table 4. Critical fracture toughness values 

for braze joints In ceraalcs 



Fig. 10. Arc raellcer used to fabricate ssall 
quantities of experiaental brazing filler oetals. 

tension at least part of their lives so that It 
Is Important to know how they behave under 
those conditions. Braze joints by their nature 
contain flaws that under crack-opening 
(tensile) conditions could lead to unexpected 
failure. Ve have recently Initiated an effort 
to utilize fracture aechanlcs analyses to study 
the fracture behavior of braze joints between 
ceramic base oaaterlals and to develop data on 
the critical stress Intensity factor, In 

such brazeaents. 

The specimen used In EKiasurlng the fracture 
toughness of the brazed joints Is the same as 
that used for the bulk ceramic — the applied 
moe^eat double cantilever bea^ (AHDCB). Ttte com- 
posite specimen Is made by brazing together two 
hot pressed ceramic bars such that the resulting 
braze joint Is located In what eventually becomes 
the center of the AtlBCB specimen. 

As seen In Table 4, the critical fracture 
toughness, Kj(;, of the brazed samples was ^ 
least as high as that for alumina ceramics. In 
all cases, the crack propagated prlowrlly In the 
braze laetal. The ceiaralc-sastal Interface did not 
control the braze joint toughness. Tlie fracture 
toughness values sugg;esl that In many cases the 
braze joint did not dicslnish mechanical perfor- 
»ance of the system significantly. If at all. 


System Locus of fracture 


Al 2 <>j/Tl-Cu'Be/ 


AI 2 O 3 

4.2 i 0,2 Braze material 

Al203-0.7% Ft/ 


Tl*Cu' 8 e/Al 203 - 


0.7t Ft 

4.7 Braze material 
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INDUSTRY PERSPECTIVES 


PANEL DISCUSSION 


A special panel session was convened on 
Wednesday afternoon, October 27, 1982, during 
tbe Twentieth Automotive Technology Development 
Contractors' Coordination meeting. The purpose 
of the panel discussion was to obtain feedback 
fr(wi certain sectors of the industry on past 
DOE achievements and for possible future 
consideration in its program planning. 

The session took the form of a panel 
discussion with maximum audience 
participation. Dr. David E. Cole, Professor at 
the University of Michigan and President o^ 
Applied Theory Incorporated (ATI) served as 
moderator and chairman of the session. Panel 
members were selected from pertinent allied 
Industries. The expressed opinions, however, 
were their own, and do not reflect their 
affiliations. 

Professional s serving on the panel were; 

Harold Brock, Private Consultant - John 

Deere Corporation, Waterloo, 
Iowa; 

Claire Eatock, Pratt and Whitney of Canada, 
Longveuie, Quebec; 


Victor Suski, An»er1can Trucking Associations, 
Washington, D.C.; 

A1 Beilin, General Electric Corporation, 

Lynn, Massachusetts; 

John i'oblan, American Automobile 

Association, Falls Church, 
Virginia: 

Stan Greene, General Aviation Manufacturers 
Association, Washington, D.C. 

Subjects of discussion were centered around 
the followl'*? topics; 

• Research and development emphasis 

• Program design and management 

• Information and technology transfer 

• Future scenario and requirements 

Positive feedback was received at this 
meeting and many pertinent technical discussions 
also took place. These topics will be the 
subject of a planned separate SAE publication. 
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utilization of Alternative Fuels 
in a Diesel Engine 

S. S. Lratz, S. M. Geyer, 
and M. J. Jacobus 
The Pennsylvania Slate Univ. 
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Table 1 - Comparative Multicylinder Engine Test Data for 1720 RPM 


Rack 

1/4 

1/2 

3/4 

Pull 

FUEL 

DF-M 

DF-2* 

DF-M 

DF-2 

DF-M 

DF-2 

DF-M 

DF-2 

BRPc (HP) 

15.4 

14.5 

40.5 

39.7 

64.8 

62.1 

68.5 

68.2 

THEFF (I) 

20.3 

19.2 

30.0 

29.2 

29.9 

28.9 

29.8 

27.9 

BSIiC (BTU/HFHR) 

12555 

13235 

8480 

8702 

8503 

8797 

8557 

9113 

AF 

56.2 

60.6 

32.4 

33.1 

19.7 

20.3 

18.9 

18.3 

0 

0.266 

0.246 

0.46 

0.451 

0.76 

0.735 

0.79 

0.815 

CO (Z) 

0.032 

0.020 

0.020 

0.019 

0.030 

0.030 

0.055 

0.039 

COj, (Z) 

3.72 

3.60 

6.87 

6.54 

11.53 

10.53 

12.10 

11.64 

»0 (PPM) 

90 

91 

190 

199 

260 

256 

250 

253 

KO^ (PPM) 

105 

104 

220 

223 

270 

264 

265 

258 

HC (PPM) 

70 

63 

53 

45 

100 

318 

100 

51 

CM 

O 

17.5 

16.6 

14.0 

12.8 

8.0 

7.8 

6.0 

5.6 


Table 2 - Comparative Multicy linJer Engine Test Data for .“.000 RPM 


1 

. 1 

Rack 1 

1/4 

i 

1/2 

3/4 

Full 

FUEL 

1 

DF-M j 

DF-2* 

DF-M 

DF-2 

DF-H 

DF-2 

DF-M 

DF-2 

BHPc (HP) 

10.7 

12.5 

39.6 

40.6 

65.1 

65,7 1 

1 

76.0 ^ 

77.5 

THEFF (t) 

13.7 

16.2 

26.7 

1 

27.3 

29,0 

1 

29.2 

28.5 

29.0 

BSEC (BTU/HPHR) 

16659 

15710 

9515 

9316 

8770 

8707 

89’ 3 

8783 

AF 

67.8 

68.3 

34.7 

35.2 

23.6 

22.0 

18.5 

18.6 

0 

0.220 

0.219 

0.430 

0.424 

0.633 

0.680 

0.804 

0.804 

CO (Z) 

0.042 

0.029 

0.022 

0.019 

0.016 

0.023 

0.029 

0.038 

COj (2) 

3.29 

3.42 

6.18 

6.04 

9.5* 

9.43 

11.77 

11.79 

liO (PPM) 

45 

61 

163 

188 

276 

267 

1 

270 

KO^ (PPM) 

79 

72 

198 

206 

292 

274 

285 

274 

HC (PPM) 

125 

91 

88 

50 

83 

129 

70 

69 

Oj (Z) 

19.5 

16.9 

14.7 

13.4 

10.0 

8.4 

7.0 

5.5 
































ril’,. i - JCU'J R.-M -'or: ,n"iance Data Comparisoa 

; ho : icr"a; ot ic ienty with DF-M vas similar 
to that , ' .'i; at the -;at;ie operating condi- 

tions. U 1 oO Ri’M, t'no thermal efficiency for 
DF-J oi; was cenera'Llv slichtlv hig.hor than for 
DF-M. c.averse Iv , ti'.e DF-M iiad a slightly higher 
ther-. il e : f i.' iencv for all rack settings at 1720 
si'M. c.'rreotej br.ike horsepower followed the 
same rel.itive atfforonces as therm.al efficiency. 
F.x^ei't f ;r the 1 - .Rack. JOOG Ri’M cond i t ion, dif- 
•erence.s ire generally less char, b percent which 
;,J be ittributed to exne r ir.ent a 1 error. 

1 lie re : o -a- . ::ie re. .stive differences presented 
here should not bo considered conclusive. more 
detailed ,s Ing ie-cv 1 inder engine study has been 
undert.iken t.' stud’.' these differences more fully. 
•Vmes test results -is well .as the SOF for all 
particulate s.imples ire presented in Fable 3. 
Standard .ieviati.'ns .ir^’ presented where posssible, 
but some or these results are based on a small 
number of samples - .<s low as only two; con- 
seqnentlv, care should be exercised when inter- 
preting these data. In all cases, the .-\mes 
results for DF-M .md DF-2 overlap within one 
standard deviation, indicating no significant 
measurable difference; however, in all cases, the 


DF-M did result in a lower mean value. The 
soluble organic fraction was consistently 
higher for DF-M than for DF-2, but again dif- 
ferences are not statistically significant. 



Fig. 2 - 2000 RPM Emission Data Comparison 


DESCRIPTION .1.ND RESULTS OF VECCT.^BLE OIL TESTS 

The objectives for this phase of the project 
are as follows: 

1. Establish a baseline for the engine on 
DF-2 using three load conditions at 2400 RPM. 

2. .it each load condition for sunf lowerseed 
oil, cottonseed oil, soybean oil, and peanut oil, 
obtain performance data and yas-phase emission d.nta 
for CO, HC, NO_.^, and total aldehydes. Compare 
these data with that obtained for the baseline. 

3. Collect exhaust particulate matter at 
each load condition Co document the biological 
activity of these solid-phase emissions. 

The single-cylinder direct-injected Diesel 
engine (Avco-Bernard W-3i, 0.36 O being used 
for this phase of the study is .^ully instrumented 
to provide performance lata (12,13). The instru- 
mentation consists jf: 
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Table 3 - Comparative Multicylinder Engine Particulate Data 



1/2 RACK, 1720 .RPM 

1/2 RACK, 2000 RPM 

3/4 RACK, 2000 RPM 

FUEL 

DF-M 

DF-2 

DF-M 

DF-2 

DF-M 

■ 

Soluble 

Organic 

Fraction 

a) 

43.0 

30.3 + 6.9 

57. 1 + 7.6 

40.2 + 11.6 

10.9 + 0.9 , 

1 

i 

7.5 l.i 1 

1 

1 

Ames Test 
Results of 
SOF* 

0.94 + 0.29 

0.99 

0.61 + 0.25 

0.77 + 0.18 

1.32 + 0.05 

1.75 + 0.6 


* 

Ames test results using TA98» slope at 100 micrograns per plate std. dev. 


1. Thermocouples mounted at strategic loca- 
tions on the engine. 

2. Transducers mounted on the engine to 
sense needle lift, timing, and cylinder pressure. 

3. On-line gas phase instrumentation con- 
sisting of a Beckman model 955 heated chemilumin- 
escent analyzer for oxides of nitrogen, a Beckman 
model 864 infrared analyzer for CO, a Beckman 
model IR-15A infrared analyzer for COu, a Beckman 
model 741 for O 2 , and a Beckman model 109 un- 
heated FID for HC. .aldehydes are collected using 
the DN'PH method outlined in .Appendix B. 

The outputs from the transducers are re- 
corded on floppy discs using a Nicolet explorer 
III memory oscilloscope for documentation end 
further processing, 

■A comparison of selected fuel properties is 
given in Appendi.x ,A. Shovm in Figs. 3 and 4 are 
typical pro.ssure and needle lift traces comparing 
OF-2 to cottonseed oil tCbO) performance. .At 
1/3 rack, the differences are more pronounced than 
at the higher rack settings since the CSO is 
burning later in Che cycle. in this engine, as 
evidenced by the pressure traces presented, the 
combustion is smoother with vegetable oil chan 
with DF-2. Kence, this could be one reason whv 
slightly higher thermal efficiencies are expe- 
rienced with vegetable oils, as shown in Fig. 5. 
The equivalence ratio is slightly higher for the 
vegetable oils because of the difterences in heat- 
ing values 01 the fuels combined with differences 
in Che stoichiometry. The smaller heating values 
of Che vegeca.ble oils tend to decrease their 


actual air-fuel ratio and the theoretical air- 
fuel ratio is al.so lower; these two factors e.rr- 
bine to .give an overall increase in the equiv- 
alence ratio. 



ti.s- 3 ~ Comparative DF-2 and Cottonseed oil Pres- 
sure .ind Needle Lift Traces it 1/3 Rack, 2400 RPM 
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Fig. A - Comparative DF-2 and Cottonseed Oil 
Pressure and Needle Lift Traces at 2/3 Rack, 
2400 RPM 


The conparatilve eotlsslon data are shewn In 
Fig. 6 and Table 4. Generally, the gas-phase 
emissions for the two vegetable oils tested are 
slightly higher. However, in the case of SO^ at 
2/3 and full rack and total aldehydes at all 
rack settings, th«! vegetable oils show signif- 
icantly higher values. Particulate mass loading 
rates increase for the vegetable oils. This is 
most pronounced at the full rack condition. 

Based upon a United miaber of tests on the SOF, 
the biological activity as assayed by the .Ames 
test is lower for vegetable oils than for the 
baseline DF-2. 

SUJONRY 

This program mas just completed its fifth 
year. IXiring the first four years, almost ail 
activity centered -upon alcohol utilization in 
light-duty Diesel engines. Since alcohols '-ave 
such poor cetane numbers, it was realized that 
in the absence of an active ignition svstem and 
or major engine aodif ications that burning these 
fuels neat was not possible. The goal of the 
program was not to develop new nardware, but 
rather to investigate how the alcohols might 



Fig, 5 - Single-cv Under Fngine Perfom.tnce Com- 
parative Data 



rig, r - Sing le-cvl inder rngine F.mission oa- 
narattve Data 
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Table 4 - Comparative S ingle-^ y Linder Engine 
Particulate and Total Aldehyde Data 
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best be utilized by the present ceneration c:' 
engines. Therefore, it was ^jciJed that the 
iicohois would be handled as luel extenders and 
that the Tiode of intr''-iuction would be via funi- 
cat ion. 

During the fourth ve.ir. program enphasis 
began to shift in two respects. First, fuels 
v'ther than the alcoho.s v«.'re now being con- 


sidered , 
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date 


have been: 1) that while alcohol : utnigation Joes 

reduce the nass of particulate natter formed, tr.e 
b 1 c a V 1 1 1 1 ' , as tssuvcc rv t.ne .Vries Test, •! r.tn 
the raw particulate :aat:er ind its soluble v'r- 
ganic fraction is enhanced and Z) generailv, the 
funigation of aqueous alcohol degrades engine 
perfonnance graduallv .aicil the onset of ”wet 
misfire’* is encountered; this seems to correlate 
reasonablv veil with the number or water molecules 
in the exhaust products and the latent heat of 
the alcohe l-vater-f uei ’'il cenabizsation supplied 
to the engine. 

For the vegetable oils tested thus far ‘ sun- 
floverseed and cottonseed), there appears to be 
small fuel-energy and bioaotivity advantages when 
coaipared with Db-d althougn the particulate mass 
emission rate is higher. The aulticylinder- 


engine screening tests of the shale-derived DF-M 
yielded results that were essentiallv the same 
as DF-2 operation. 
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APPF.NDI.X A 

Selected Fuel Properties 


mm 

DK-2 

DF-M 

Sunf lowerseed 
Oil 

Cottonseed 

Oil 

LHV (BTU/lba) 

19197 

18318 

15907 

15041 

Density (Ibra/gal) 

7.05 

6.96 

7.69 

7.63 

Initial Boiling 
Point 

420 

-02 

-420 

- 420 

Final Boiling 
Point i‘'F' 

640 


Cracks 

Cr.icks 

('ctane N'--. 


-*9 

37 

38 

Stoi.nio'T.tir:..- 

13 

- L9 . b 

13.7 

1 5. : 

J 


* 

Values : r.'m th.o :al lowing sou-'oes: 

•A- I . Fuel Sunp 1 ie 

-A-2. ■ ■ htmis try and Phy sics 

tj. '.IRC Press Inc , ooc.i Raton, FL 

(1^81 vT 

.A-,'. Pbert, F. Internal Co mbust i on Eng ines 

J.’clL'C2Jticl'l 'Harper and Row .Publishers, 

New Vors ' 19 7 3;'. 

.Al’PFNDlX H 

ALDEKYPE MEASLRFl.MENTS 

.Aldehyde s.iaples have been collected f roc 
the sing le-cvi inder engine tor Diesel fuel .as 
well as cottonseed oil and sun oil. The alde- 
hydes .are collected bv bubbling the exhaust gas 
through .1 solution oi 2-A. Jinitrophonvihydrazine 
(DNPH). This c.auses the highly reactive alde- 
hydes to form their DNPH deravates which have a 
much higher molecuaar weight and have greater 
stability. After collection, solid D.NPH deriva- 
tives are filtered out and remaining derivatives 
which are in solution are e.xtracted using pentane. 
Following extraction, the solid precipitate and 


extracted derivatives are combined and analvzed 
gravimetricallv to obtain an indication of tot.ii 
aldehyde emissions. .As found in other liter.iture. 
the total aldehydes are reported as mg formalde- 
hyde per cubic foot e.xhaust. This was generaliv 
reasonable since formaidehvde accounted for 70-bu7 
of the aldehvdes present (B-1, B-2). However, 
there is evidence that the material analvzed 
gravimetricallv contains more chan lust aldehvde- 
DNPH derivatives iS-1). For this reason, the 
values presented are likely to be too high; con- 
sequently, a gas chromatograph has been set up 
to analyze individual aldehyde derivatives to 
obtain a more accurate indication of aldehyde 
emissions. Preliminary Indications have shown 
that for aldehyde emissions from DF-2 and vege- 
table oils, formaldehyde is a much lower percent- 
age of the total than the 70-90? reported bo- 
others for gasoline and methanol. This could 
cause further errors in measuring total aldeho-des 
as equivalent formaldehyde. 
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QUESTION AND ANSWER PERIOD 


Q: Bin Peters, Ricardo. One question. Here 

your oils raw oils or were they esters? 

A: Excuse me sir. 

Q: Here the vegetable oils raw vegetable oils 

or had they been esterized? 

A; All tests reported here were with the raw 
vegetable oils; however, we plan to do sosne 
tests where we are goi ng to take one of the 
oils when we finish the tests (we will find 
out *diich one appears to have the biggest 
problem) and we are goiitg to try ourselves 
to run it through an esterification process 
and look at that. That probably will be 
the extent of what we will do to try and 
adjust the composition. 

Q: My name is Lynn of Cummins. I would like 

to make a strong plea for future work in 
the alternate fuel. To provide the fuel 
specifications a much as possible. Mow I 
notice you provide some. In one diesel 
application this will be a very helpful 
thing. And also, maybe you have presented 
it previously, ! don't know, the chemical 
cwaposition. And I wonder whether for the 
vegetable oil fuels you should do a test 
for nitrogen in the fuel. But I would just 
like to make a plea to provide as much of a 
complete fuel specification as possible and 
Otat would make the result nor« meaningful 
for the reader. 

A: Than); you Or. Lynn. Can I just make one 

bri ef comment before we take the next 
question? In the SAE paper version of this 
presentation, the table includes cetane 
numbers as well as theoretical air-fuel 
ratios listed there. In some of our foreier 
work, we showed very conclusively the role 
of ni trogen as it affects the bioactivity 
of the soluble organic extracts. So we 
were keenly aware of what the nitrogen in 
the fuel might do as far as the MOx and the 
activity of the extract is concerned. 

Q; Bailey, Caterpillar. Did you heat both the 
diesel fuel and the vegetable oil, or just 
the vegetable oil? And was it really raw 
vegetable oil, crude degwamed, fully 
refined, or what? 

A: That needs to b<> cleared up. I'm sorry 

that I confused you as far as the heating 


is concerned. Our standard procedure was 
to deliver the diesel fuel at 85*F when we 
were running a baseline. In our test 
cells, that requires some auxiliary 
heating, stirring, and making sure that 
that temperature is well controlled. The 
vegetable oils we heated and stirred and 
controlled the temperature to 160* before 
delivery. So there was that difference we 
found we needed. I used the terra raw 
incorrectly as It is used In the answer to 
the former question. The vegetable oils 
were deguramed and once refined and In the 
case of '•►>6 sunflower seed oil. It was also 
bleached. 

Q: Ralph rieming, DOE. The way the 

hydrocarbon procedure for diesel exhaust 
hydrocarbons was developed, it was pretty 
much empirical based around straight run 
petroleum diesel fuel. It would seem to me 
the numbers would be highly questionable 
because of the very significant difference 
in boiling points between these fuels and 
the products that mi^t come out the 
exhaust stack. It would seem to me there 
needs to be a look at that. The second 
point is that I agree fully with Or. Lynn 
that the more fuel data you have, the more 
we can interpret the results, but I would 
like to caution that cetane nuiiibers on 
vegetable oils would be highly questionable 
as far as the testing is done in a CFR 
engine. So I think there needs to be some 
work in the future to develop a new 
procedure for rating fuels. 

A: I'll just coLTnent on your first point and I 

agree with your second point. The 
distillation curves for the vegetable oils 
have an initial boiling point slightly 
above that of OF-2, at least with the ones 
we are working with, then they go up to 
about 600*F and then crack. They do not 
behave the sme as a full boiling range 
DF-2. Uhat we are doing concurrently with 
the development of our aldehyde procedures, 
is developing a GC technique to look at the 
hydrocarbons in the exhaust gas that we are 
collecting. It seems to me to be a little 
«bitious to find some correlation between 
this and what you do see with an FID total 
hydrocarbon detector. But at least that is 
the direction we are going, and I do agree 
with you Ralph that that is a concern. 
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ThTs~pa'jsetjjM»id«®--tim-ovet"vreB ol the 
DepAgfcia«utt-~a t . f. oe rs y-Gerri ; rac t > DE - A €«H— 8QG&5002 1 
ai®®d_at stmlyi-ng the in teraction be tween IC ^ 
engines and fuels^'Both 'Indirect and direct 
injection diesel 'and spark ignited stratified 
charge corabustion system!! were addressed. Fuels 
'overed regular D“2 diesel* low ignition quality 
.esel fuel, naphtha and napltha/diesel fuel 
DFoad^mt^j ) 

Candidate combustion systems for future 
fuel groups are examined and the necessity for 
further research in specified areas highlighted 
for a full understanding. 


IN ORDER TO AVOID reliance upon high importation 
levels of petroleuio crude to satisfy future 
domestic energy requirements, the U.S. is 
embarking upon the development of a Syncrude 
industry to manufacture liquid hydrocarbon fuels 
from coal and oil shale- To help understand the 
impact of such fuels upon the operation of 
automotive internal combustion engines, Ricardo 
have been engaged upon a DoE sponsored project 
evaluating various fuels in conjunction with 
several types of combustion system. 

The contract was initiated in January 
1980 arxi the programme divided into four 
tasks namely. 

Task 1 - Literature Study 
Task 2 - Diesel Multi-cylinder Screening 
Study 

Task 3 - Diesel and Spark Ignited Stratified 
Charge Fundamental ""tudy 
Task '■* - Final Report 

Task I is not covered in this presentation 
since the results have been fully reported at the 
19SO CCM and in the definitive report 
subsequently published (Ricardo Reference 
DP 81/539), Owing to the current status of Tasks 
' and 3, this presentation provides an overview 
A these tasks and the major conclusions and 
recocaaendat ions arising- Since data acquisition 


and analysis is still ongoing the conclusions 
and recommendations given here should be regarded 
as preliminary. Full results from the available 
database and definitive conclusions etc. will be 
made available in the final report due for 
publication in December 1982. Since a synopsis 
of typical results is difficult to extract from 
the database, actual data are not contained in 
this paper. 

OVERALL OBJECTIVES 

The overall objectives of Tasks 2 and 3 may 
be stated as;- 

- an assessment of the interaction between 
fuels and engines and the acquisition of a data- 
base to assist in the required trade-off studies 
between fuel production costs, specifications and 
implications in use. 

E-XPERIMENTAL DETAILS 

TEST ENGINES - During the Task 2 screening 
study, both indirect (IDI) and direct injection 
(DI) diesel combustion systems were evaluted. Both 
incorporated swirling combustion chambers and the 
DI system utilized multi-fuel spray injection 
equipment. 

For Task 3, the same IDI and DI diesel 
combustion systems were again examined in 
conjunction with three spark ignited, stratified 
charge systems. The latter covered one IDI .and two 
DI systems (Texaco TCCS and MAN FM) . The DI 
diesel and TCCS systems were evaluated in multi- 
cylinder fora and Che FM and both IDI systems in 
single cylinder form utilising a Ricardo Hydra 
designed and procured as an integral part of the 
Task. 

All of the above combustion systems employed 
cylinder displacements and raced speeds 
coosiensurate with light duty applications. 

FUELS - A synopsis of fuel inspection data 
for both Tasks 2 and 3 are provided in Appendices 
1 and 2 respectively. 

The rationale behind the fuel design 
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primarily brackets the future specifications of 
syncrude derived products when addressing a 
broadcut option. The inclusion of the 
alternative diesel fuel in Task 3 examines the 
impact of a heavy, low ignition quality, 
aromatic diesel fuel and attempts to cover a.i 
alternative candidate future fuel strategy. 

ENGINE OI>rrMISATION - For the screening 
study no optimization was carried out and the 
fuel injection pump was timed statically at 
the optimum compromise developed for regular 
diesel fuel. During the fundamental prograraoic, 
the injection and ignition timing was varied as 
appropriate for each fuel primarily with the 
aim of identifying optimum fuel economy. 

DATA GENERATION - During the Task 2 
screening study, comparisonsof performance, 
economy, smoke . 'u: gaseous emissions (HC, NOx, 

CO) were made over the load and speed range. 
During the Task 3 fundamental study these were 
again recorded with the inclusion of particulate 
emissions. Testing was concentrated over the 
load range towards selected test speeds (1500 
and 2400 rev/min) as ’•apresentative of light 
duty operation. Per.ormance aspects were however 
also addressed at t’le rated speed for each 
combustion system in addition to observat iore on 
combustion details, startability, engine 
condition etc. 

EXPERIMENTAL OBSERVATIONS 

For expedience, the experimental 
observations are divided into two groups by 
combustion system. The comments made and the 
subsequent discussion and conclusions are mainly 
drawn from the fundamental study database since 
this covers the widest range of fuel 
specifications and includes particulate 
measurements and startability observations. 

IDI AND DI DIESEL - In general terms, hot 
operability did not present a problem with the 
diesel engine/fuel combinat ioits e.xamined with 
performance and emission characteristics not 
consistently differentiating f rom operat ion with 
Phillips D-2 as reference. Indeed, the degree 
of fuel tolerance initially noted during the 
Task 2 screening study justified continued work 
with the diesel during the fundamental nrograrome 
utilizing much wider ranging fuel specifications. 
These observations illustrate a degree of fuel 
tolerance with the systems evaluated although 
specific problem areas were highlighted as 
follows:- 

Operabi .tity - a) Starting - At the 
time of writing, starting evaluations have only 
been made with the IDI diesel. Tests were only 
made down to typical laboratory ambient 
temperatures. Under these conditions D-2, naphtha 
and the two D--2/r®phtha blends enabled itasaediate 
starts utilizing the standard heater plug with 
sustained idling also being achieved. With the 
low ignition quality alternative diesel fuel, 
starting was significantly worse and s .bsequent 
idling eratic,. At lower eiaperatures more typical 
of true winteir ambients it is anticipated that 


the IDI diesel will not start successfully even 
with the other low ignition quality fuels, i.e. 
najhtha and the predominant naphtha/D-2 blend. 

It is expected that rhe DI will behave in a 
similar fashion and starting with low ignition 
quality fuels remains as a potential problem. 

b) Misfire - In the DI diesel only D-2, 
the predominant D-2/naphtha blend and the low 
ignition quality alternative diesel fuel were 
evaluated during the fundamental study. On these 
fuels, no misfire problems were encountered. 

With the IDI diese' , s ipni f i ca-'.t misfire was 
apparent at light load, low speed wi th the low 
ignition quality diesel fuel. To clear misfire, 
the injection timing needed to be advanced 
incurring significant HC and particulate 
penalties. Thi.s increase in HC is not fully 
understood. With the low ignition quality 
naphtha fuels, misfire was not prevalent except 
for ver>' light load with retarded injection 
timing when using straight run naphtha. 

c) .Noise - Noise was only subjectively 
monitored during the programme. In this case, 
noise overall did not appear to be appreciably 
influenced. Possible exceptions however were 
increased harshness with the low ignition quality 
diesel fuel at higher load and straight run 
naphtha at light load i the IDI diesel tests 
during Che iundamen.;a progranme. With Che 
latter fuel, it shoul.. .ilso be noted that the 
degree of injection advance required Co clear 
misfire at light load, rated speed approached 

the subjective noise threshold. The lack of any 
subjective noise increase with the 01 diesel 
when running on the low ignition quality diesel 
fuel proved somewhat surprising. The inaccuracy 
of subjective assessment should however be noted. 

Preliminary analysis of the IDI diesel 
combustion diagrams broadly supports the 
subjective assessments made. It should also be 
noted chat in the case of the IDI diesel, all of 
the test work with the very low ignition qualicv 
fuels was carried out with a relatively stiff 
single cylinder engine which tends to mask 
noise trends. It must be concluded without 
access to furtVier data chat low ignition qualitv 
fuels will impose a noise penaltv in diesel 
combustion svseems. This requires continued 
research with both IDI and DI variants. 

d) Fuel Injection Equipment - During the 
prograramo, a fuel h.andling system for the 
suppression of fuel vapour with volatile fuels was 
utilized. Although this arrangement was 
successfully employed on several of the 
combustion systems throughout the progratsue, 
apparent vapour problems were encountered during 
Che Task 3 DI tests. The problem arose when 
running with the predominantly naphtha/D-2 blend 
and resulted in severe instability of the dynamic 
injection timing and fuelling level throughout 
the operating range. Data was not collected with 
this fuel therefore and it was assumed that 
s:milar problems would have been prevalent with 
naphtha. 

Tlie reasons for this problem are not fully 
understood but it may be significant that of ,»11 


318 



the combustion systems examined, the DI diesel 
has a relatively higher rate injection pump 
which may be a contributing factor. 

Performance and Emissions - a) IDI diesel - 
With this cond>ustion system, HC penalties were 
evident with low ignition quality fuels. 

Penalties were however restricted to high speed 
over the load range with straight run naphtha 
and low speed with the alternative diesel fuel. 

In the latter case the response was most 
significant and particulate emissions were also 
influenced adversely. These penalties were 
observed when advancing the injection timing to 
clear misfire. Retarding the timing largely 
overcame the emissions penalty towards the 
higher load factors at the expense of light load 
misfire. 

In the important consideration of fuel 
consumption, adverse effects relative to D-2 
operation ranging between c. 3-llZ were apparent, 
the magnitude being dependent upon fuel, speed 
and load. The importance of these consumption 
penalties requires close review when studying the 
trade-off between the production costs of lower 
quality fuels and vehicle economy. 

b) DI diesel - Preliminary analysis 
suggests that the major fuel effect in the 01 
diesel was increased smoke at low speed with Che 
alternative low ignition quality diesel fuel. 

This trend penalised particulates and available 
torque. 

SPARK IGNITED STRATIFIED CHARGE COMBUSTION 
SYSTEMS - As expected with positive ignition, the 
stratified charge systems evaluated have proved 
generally fuel tolerant but problem areas may 
be summarised as follows:- 

Operabt 1 i C y - a) Rated speed - With high 
ignition quality fuels of c. cetane number, 
the MAN FM system incurred combustion problems 
at high speed significantly limiting the 
available speed range. In this case, spark 
control was lest and heavy detonation occurred 
at rated spet d ( dOOO rev/min) with load factors 
in excess of c.1.5 bar B-'lEP. Realistic torque 
was only re.' tored when reducing the rated 
speed to low levels (c. 3000 rev/min) not 
conraensurate with light duty app I ic.a t ions . 

With the spark ignited, indirect injection 
(SIIUI) engine, spark management of the eirgine 
was not obtained with D-2 at high load, high 
speed, resulting in unstable, eratic combustion. 
This could only be overcome bv reducing the 
rated speed on this fuel to low levels similar 
to that of the MAN FM systeir. 

With all ocher fuels in these combustion 
systems, useable rated speeds of c. aOOO rev/rain 
could be achieved up to relatively high load 
factors. The absence of any problems with the 
Texaco TCCS system in this respect reflects one 
oi the aiajor differences between the systems 
i.e. the TCCS utilizes a very high energy, 
multi-strike ignition source timed simultaneously 
with the injection and therefore ignites the 
'wet' fuel spray, ivoiding pre-mixing, self- 
ignition and detonation. With the FM and SIIDI, 
the TCCS philosophy cannot be achieved by 


advancing the spark towards the front of the 
injection period since the relatively low energy, 
single strike ignition source does not 
successfully ignite the spray, presumably due to 
plug wetting. 

b) Light load - With the FM and SIIDI 
systems very light load stable combustion 
freauently proved difficult to achieve. The 
experience of others suggests that this is not 
a fundamental characteristic of the systems but 
reflects the very limited development status of 
the actual engines tested. 

c) Spark plug life - The SIIDI engine 
could not be run on naphtha at the lower speeds 
owing to rapid spark plug sooting and loss of 
correct ignition causing misfire and unstable 
running. Frequent spark plug failures were also 
encountered on all fuels with this system but it 
is reasoned that a fundamental design change to 
reduce the length of the electrodes whilst 
preserving the position of the gap within the 
pre-chamber may overcome this problem. With the 
FM system, running with detonation must be 
avoided or spark plug failures result whilst in 
the TCCS system, spark plug failures were not 
recorded but high rates of electrode erosion were 
encountered. 

Whilst design/development should overcome 
these problems, the harsh environment for 
sparking plugs within the stratified charge 
engine should be noted. 

Perform an ce and Emission s - Unlike the 
diesel engrne with a unique reference fuel, the 
influence of fuels upon performance and emissions 
with the multi-fuel, stratified charge engine is 
not so readily interpreted in a succinct manner. 
For all fuels, performance and emission trends 
were generally distinctly defined but in the case 
of the open chamber systems (FM and TCCS) it may 
be stated that there is a preference for the more 
volatile fuels. Such fuels encourage lower smoke 
and greater torque. Whilst such fuels do not 
overall assist in reducing the high HC 
characteristics of these systems, Chev do enable 
in conjunction with the smoke trends, lower 
particulates to be achieved. It is believed 
that with volatile fuels, lighter HC species are 
formed not conducive to particulate formation. 

In the case of fuel economy, volatile 'aels 
returned the best consumption at high load 
factors but this was not always reflected at 
light load. 

DISCUSSION 

For the purposes of this overview, the 
discussion is restricted to the identification 
of likely candidate combustion systems for future 
fuel groups. Within each fuel group the likelv 
candidate combustion systems are reviewed based 
upon two scenarios - relaxed environmental 
pressure with comparison of baseline 
characteristics using opcimuiB economv timing 
plan: and continued stringent environmental 
standards. 
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high ignition qu.\lity diesel and EROALCUT 
FUELS - luels ot c.40» cetane munner ignition 
quality are considered here. For fuels of this 
class, it is judged that the diesel will remain 
dominant with hot and cold operability not 
presenting a major problem. When considering 
economy, the DI diesel has a c . lOZ advantage over 
the IDI and this will be an important 
consideration in the overall energy balance since 
high ignition quality fuels will be more costly 
to produce. The DI does however have lower 
torque potential than the IDI and higher baseline 
emission characteristics. With relaxed 
environmental pressure, it may be assumed that 
the selection of DI or IDI would depend upon 
individual requirements between economy and 
torque. Continued development of the DI should 
result in improved torque although the use of the 
high pressure fuel injection equipment required 
will increase first costs. In this context, 
other DI systems, such as the MAN Controlled 
Direct Injection (CDI) system appear promising. 

With maintained stringent emission controls, 
the IDI is likely to remain dotainant owing to 
lower baseline emission characteristics compared 
with the DI. Even in this case, particulate 
emissions nway present a problem in the longer 
term. The multi-spray DI system evaluated 
during this programme is unlikely to achieve 
engineering HC, SOx and particulate targets 
commensurate v;ith future legislation even when 
using such technology as valve covering orifice 
nozzles (VCO) .. 

The spark ignited stratified charge engine 
is not thought to represent a candidate for fuels 
of this class. With such fuels only the TCCS 
system may be considered as the other two systems 
evaluated (FM and SIIDI) generally encountered 
operability problems in respect of rated speed. 

The TCCS system, however, exhibits significantly 
higher baseline HC and particulate emissions and 
low torque characteristics with respect to either 
the IDI or DI uiesel and its adoption for such 
fuels is not thought to be justified. 

irV.’ ICMTION OlWl.ITV N-'FHTHA AND BROAD- 
eVT FUELS - In this class, fuels of c . 13 or 
lower cetane number are considered. When 
examining the baseline characteristics of the 
IDI diesel with these fuels, the emissions and 
available torque characteristics did not overall 
represent a major problem area relative to D-d 
operation as reference. Instances of worse 
economy were however noted. 

Doubt must however exist for the IDI diesel 
with fuels of this class based upon three 
reasons - cold operability, tolerance to retard 
for low NOx in respect of misfire and noise. 

With low baseline emissions, high torque and wide 
speed range in conjunction with the encouraging 
results from this prograimae, research should be 
encouraged to see whether the aforementioned 
problems and the instances of worse economy may 
be overcome by deve lopiaent . It must however be 
recognised th.it the suitability of the IDI diesel 
in conjunction with very low ignition quality 
fuels will be seriously in doubt with continued 


stringent emissions standards requiring 
injection retard for low NOx. In this case mis- 
fire regisies are likely, with sharp HC trade- 
off responses. 

Since the DI diesel was not evaluated on this 
class of fuel for the reason previously 
mentioned, the long term suitability of the DI 
diesel cannot be ascertained and resort to 
speculation will not be made. 

With positive ignition the spark ignited 
stratified charge engine is able to avoid the 
cold operability etc. type of problem that will 
face Che IDI diesel. The achievements of the 
TCCS system in these respects have been well 
reported in the past and it is reasoned that with 
equivalent deve lop-menC effort, the FM and SIIDI 
system should be c.ipable of similar performance. 

Spark ignited stratified charge engines 
must clearly represent candidates therefore for 
fuels of this class. Based upon this prograoitie , 
the suitability of the SIIDI cannot be fully 
ascertained owing to the rapid spark plug fouling 
with naphtha as fuel. Of the two open chamber 
systems examined (FM and TCCS) both have good 
light load economy charac teri sC i cs . Overall, the 
FM performed better with lower HC emissions and 
particulates, better torque and lower high load 
consumption. Baseline NOx emiss ions we re however 
somewhat higher th.in the TCCS system presumablv 
due to luel/air pre-mixing prior to ignition. 

Whilst the lower HC emissions of the FM 
compared with the TCCS are fundamental owing to 
the use of a pint Ic type of injector, an overall 
judgement of the selection of candidate between 
the F.M and TCCS is witheld for two reasons as 
follows:- Firstly, the FM system was evaluated 
in single cylinder fona. Whilst the friction 
factors utilized to predict multi-cylinder FM 
performance for comparison with the observed 
multi-cylinder TCCS data are entirely credible, 
the basic single cylinder performance m,ay be 
enhanced owing to the lack of any cylinder to 
cylinder distribution problem of air flow, swirl 
or inject ion/ igni c ion timing. Secondly, the 
single cylinder FM engine had excellent 
volumetric efficiency compared with the low 
breathing efficitacy of the White TCCS engine. 
Required therefore, for a full understanding, 
are comprehensive multi-cylinder programmes 
comparing FM and TCCS systems with equivalent, 
well deve'oped breathing charac te r i s t i c s , 
ultimately employing appropriate natural 
injection/ignition timing plans. 

Wliat is clear is that either of the two 
systems will have overall higher baseline 
emissions and lower torque compared with the IDI 
diesel. Furthermore, the extensive emissions 
controls required for -ontinued stringent 
emission standards are likely to significantly 
erode the favourable light load baseline economy 
characteristics of the two systems. 

In this context, the SIIDI system is 
worthy of continued evaluation. Although as 
expected its fuel economy characteristics are 
not as good as those of the open chamber design, 
the limited available evidence from this 
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progranne suggests that the HC response overall 
is lower, approaching taore closely that of the 
IDI diesel. Because of this, the differential 
in fuel economy trends: between pre and open 
chamber systems may be narrowed when controlling 
emissionsio stringent levels. 

LOW -KaaTlON QUA1.ITY DIESEL FUEL -- Addressed 
here are fuels of c.35i cetane number ignition 
quality, high aromatic: content and c.700<^F end 
point. 

Such fuels have proved problematical in 
the IDI diesel progransae owing to the misfire/ 
HC/particulate trade-offs prevalent at light 
load, low speed and discussed earlier in this 
presentation. In this case, and somewhat 
surprisingly, the DI diesel appeared laore 
tolerant with similar misfire regimes not 
being encountered. Corroborative support from 
the screening study was obtained when comparing 
low speed HC trends between the IDI .and DI 
diesels with the low ignition quality D-2 fuel 
tested. In this case HC emissions were 
significantly elevated with the IDI diesel 
but remained more typical of D-2 operation in 
the DI. 

This class of fuel also caused significant 
starting difficulties at typical laboratory 
ambient temperatures in the IDI diesel even 
compared with the Lower ignition quality naphtha 
type fuels. Such data support the frequently 
exploited volat i lity/ igni t ion quality trade-off 
in respect of starting. At the time of writing, 
starting tests have not been undertaken in the DI 
diesel although it is anticipated that the 
results will not be encouraging with this class 
of f ue 1 . 

In addition, low speed torque with the DI 
diesel was further curtailed with the low 
ignition quality diesel fuel due to a marked 
increase in smoke at highci load factors. 

Outside of the aforementioned problem areas, 
baseline emissions and performance of the IDI 
and DI diesels generally remained comjietitive 
with Che D-2 reference data. This would 
encourage further research although the 
suitability of the diesel, particularly of Che 
IDI, does not seem assured based upon the 
available evidence with fuels of this class. 

With maintained environmental pressures, 
retarding for low NOic will further this 
suspicion as starting problems will be 
exacerbated, further misfire regimes encountered 
and marked emission trade-off penalties incur- ed. 
In this case, the continued use of the diese.. 
is thought unlikely. 

The FM and TCCS combustion systenswould 
appear suited to such fuels as they were 
successfully evaluated with good light load 
economy trends and cold starting and no apparent 
operability problems. Their inclusion in a 
future scenario utilizing such fuels would 
therefore appear justified although baseline 
emissi ores will be high. In this context, it 
should be noted that the superior UC 
characteristics of the FH coisq>ared with the TCCS 
were lost at low speed with this type of fuel. 


presumably due to the adverse influence of the 
less volatile fuel upon mixing and evaporation 
from the wall of the combustion chamber under the 
low bovl swirl conditions prevalent at low speed. 
Compared with the demonstrated ability of Che IDI 
diesel with such fuels, the torque curve of 
either the FM or TCCS systems will also be lower 
as a consequence of their inclusion to avoid 
operability problems. 

Since these types of fuel further increase 
the HC and particulate eaiissions in Che FM system 
and particulates in the TCCS, the demands upon 
emissions controls for maintained stringent 
standards will be increased. Again, this is 
likely to erode or nulify the favourable 
baseline economy trends of these systems. 

For budgetary reasons, the low ignition 
quality diesel fuel was not evaluated in the 
SIIDl system and with spark ignition the systems 
suitability for such fuels nay only be speculated. 
Such a system should again be examined in the 
continued research programmes required for a ;-ui’. 
understanding, in particular, when comparing we;’, 
developed multi-cylinder FM and TCCS svstems 
for the reasons previously discussed. 

CONCLUSIONS 

CA.NDIDATE CMBISTIOS SYSTM FOR FVTfRE 

FL-ELS 

Relaxed Environmental Standards - 

a) High Ignition Quality Diesel and Broad- 
cut Fuels - IDI and DI diesel 

b) Low Ignition Quality Naphtha and Broad- 
cut Fuels - Spark ignited stratified charge or 
IDl diesel providing potential cold operability 
•and noise problems can be ov.^rcoroe by development 
in the interests of minimising baseline emissions 
and maximising torque availability. 

c) Low Ignition Quality Diesel Fuels - 
Spark ignited stratified charge or adapted IPI,' 

DI diesel providing cold operability etc. 
problems are not insuperable. 

Maintained Stringent Emi s s i on s S t andards - 

a) High Ignition Quality Diesel .and Sroad- 
cut Fuels - IDI diesel. 

b) Low Ignition Quality .Sapht.ba and Broad- 
cut Fuels - Spark ignited stratified charge. 

c) Low Ignition Quality Diesel Fuels - 
Spark ignited stratified charge. 

Oi'ERALI. - The interaction between fuels 
and engines is c^x-aplex requiri.-ig extensive 
research from structured progranmes for a full 
understanding. During these prograwnes, the 
following areas must be addressed:- 

a) Candidate Syafuels 

b) IDI and DI diesel development in respect 
of cold Operability, noise and tolerance to 
retard with low ignition quality fuels. 

c) Well developed, multi-cylinder stratified 
charge comparisons. 

d) Other combustion svstems, i.e. pre-chaiaber 
IDI diesel and HAS CDl DI diesel. 

e) Combustion systems with different 
cylinder sizes, speed ranges and methods of 
aspiration. 
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As aictaced by the above prograranies, Che 
detailed opt ioisation of promising c<jmbinat ions 
must be carried out. 
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APPENDIX 1 


Basic Specification of Test Fuels - Task 2 


Fuel 

Cetane 

No 

Distillation 

IBP 

10% 

50% 

90% 

FBP 

Phillips D-2 

48 

378 

432 

505 

568 

603 

50S/50X wt/wt 
Diesel/Naphtha 

44 

298 

313 

381 

613 

666 

66Z/34Z wc/wt 
Diese 1 /Naphtha 

m 

306 

m 

435 

617 

676 

Phillips iy-2 
^0. 12Z T.E.L. 

3. 

363 

m 

502 

565 

601 

Phillips D>-2 
+0.2% I.P.N. 


363 

430 

502 

565 

603 


NB 1) The diesel used for the above diesel/naphtha blends is noc 

Phillips D-2 but selected high cetane European diesel fuels. 

2) The above blending naphthas are not the same as the straight- 
run naphtha utilised for Task 3. 


APPENDIX 2 

Basic Specification of Test Fuels - Task 3 


Eue 1 


Distillation °F 

Aromatic 
Content 
' vol 

IBP 


50% 

90% 

FBP 

Phillips D-2 

48 

3 78 

432 

505 

568 

603 

30. 3 

73%/27% voi; 
vol Phillips 
D-2/straight- 
run naphtha 

•*0 

172 

B 

478 

S65 

399 

25 

DbZ i 34Z VO 1 , 

vol straight- 
run naphtha/ 
Phi 1 L ips D-2 

35 

153 

208 

289 

538 

597 

21.; 

Straight-run 

naphtha 

m 

151 


237 

307 

354 

:6.2 

50%, jOT vol, 
vol light cycle 
oil /gas oil 

3-..5 ' '.70 


303 

, 

603 

673 

1 

! 

+ 5.P [ 

1 
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Effective Values of Evaporation Constant 

for Hydrocarbon Fuel Drops 

J. S. Chin 

Beijiruj ln5titute of Aeronautics and Astronautics 

A. H. Lefebvre 

School of Mechanical Engineering 
Purdue Univ. 
West Lafayette, IN 


Kxpfrinjcnt.il va 1 ics ot evaporation constant 
for use in vaK uiat ions or evaporation rates and 
drop lifetir.es are tairly sparse and are usually 
ktJn t ined tv' vonditivms steady-state evapora- 
t iv'n VI p-iiescent Tiixtures norr.al atnospheric 
pressure. Ihe main objective of the present 
stuviv Ls tv : ivie V ! t ev t 1 '.'e ''.aices v) I evan— 

v-rat tv'll .. vui.T ta:: t ::iat ^over wiue ranges of ambi- 
ent air pre>:r»ure, temperature and velocity* and 
wr.icii alr»v take into accv'uut the influence of 
tne neat-vip yerioa in lowering tiie overall evap- 
vjr.ition r.ite. ! iie average boiling point (50 
percent re«vvVerea> is the physical property 
selectevt tv v; :ai r ac t e r i !o the volatility of the 
: ue 1 . 


•INOWK:-!'' K r rTKL I'HOP KVAi’ORATlON is of prime 
impv'f : V e t t.e aesign and performance 'f 
: : q u L.-- : ue 1 .e-a or.bust ivvi 'Systems, including 

engines .ii\c gar» turbines. In a previous 
pa^ei' .. 1 ' atten.tiv’n w.is ;ocussed on the etfects 
o: 1 pressure and temperature v'n the 

- : eau . -"t a: e evapv'ration v‘i : ue L drops. A nu- 
nriv-i. iroveuure was described for calculating 
-it c ua ate Vvilue.-^ u J t\'p-sur t jce temperature 
ii'.u e\ai>v>r.it ivMi constant* and the aiethod was 
: .e.: .>e.: : f\ami;a- :::o cvapv'ration character- 

,'t. •' : .:-uvpta:u» aviation gasoline* i I’ u* 

;■ ■* .c'.o .::esei oil \?V J) in .uiescent atmo- 
>i'..e.^e.>. ; r. a -vubsequent paper t J ) the factors 

rn. : no tne jurat iv'n of the heat-up period in 
: ue 1 crop evapv'r.it ion were studied analytically 
ana .in equ.it ion : v'r escim*iting tlie duration of 
::ie neat-«p pause •••a^• jelived. iOMphs were pre- 
sented whicn shv'vea* for selected fuels* the 
efi'ects v>r air pressure, temperature and veloc- 
ity* and r'uel drop >ije* on t:ie length of the 
:ieat-up period and .m ttie ratio of the heat-up 
period to the total drop lifetime. It was shown 

*Nuniers in parentheses designate references at 
end of paper. 


that negiec’’ of the heat-up period can lead to 
serious errors in the calculation of drop evap- 
oration rates and drop lifetimes. The extent of 
this error, and its dependence on drop size and 
ambient air conditions, was demonstrated quanti- 
tatively for several fuels. 

The tnain drawback to these studies is that 
they were confined to a limited number of .stan- 
dard engine fuels. Consequently, the results .ob- 
tained cannot be readily applied to alternative 
fuels, vor fuel blends. The present studv was 
undertaken to remedy this deficiency. Its objec- 
tive is to provide the same type of information 
on fuel drop evaporation, but in a more general 
form, thereby extending its range of application 
to :i fairly wide variety of hydrocarbon fuels. 

To achieve this goal it is necessary to select a 
correlative fuel property that will define to a 
sufficient degree of accuracy the evaporation 
characterise ics of any given fuel. It is recog- 
ni.-!Od that no single chemical or physical proper- 
ty is conpletelv sat isfactv-jry for this purpose. 
However, the average boiling point (50 percent 
recovered) has much to coirsmend it, since it is 
directly related to fuel volatility and fuel va- 
por pressure. It also has Che virtue of being 
easy to measure, and is usually quoted in fuel 
specif icacions. For these reasons the average 
boiling point was chosen for the present study to 
characterize the fuel’s propensity for evapor.j- 
tion. 

BA.S1C EQUATIONS 

The procedures ^mplov'^d to determine the 
variation of the effective evaporation constant 
with air pressure, temperature, and velocity* 
fuel drop size and average boiling point, follow 
closely those outlined in detail in previous pub- 
lications (I, 2). Thus only the basic equations 
required for the study are presented below, Fc»r 
further information on the physical properties of 
fuels and fuel vapors, and methods for estimating 
reference values of temperature and species 



concentration, reference should be made to these 
earlier companion papers. 

According to Faeth (3) the heat transfer 
coefficient between a fuel drop and a surrounding 
quiescent gas is given by 


. h D , 

,, =2 — ir-- 

g n 


( 1 ) 


The heat transferred from the gas to the drop is 
q = -rD^h(T - T ) (2) 

Substituting for h from Eq. (1) into Eq. (2) 
gives 

Q = 2-:D (T_^ - Tg) ln(l 4- (3) 

The heat used in vaporizing the fuel is 

= nip L (4) 

where L is the latent heat of fuel vaporization 
corresponding to the drop surface temperature, 

T . We have (1) 


IT - T 

bn I or bn I 
L _i 


|0.38 


(5) 


Now the. rate of fuel evaporation of a single 
drop of diameter, D, is given by (4) 


nip = 2~D(k/c„) ln(l + BJ 


g 




Substituting for mp from Eq. (6) into Eq. (4) 
gives 

= 2-D(k/c ) L ln(l + B^) 


( 6 ) 


(7) 


The heat available for heating up the droplet is 
obtained as the difference between Q and Q^. 

From Eqs. (3), 1,6) and (7) we have (2) 

Q - Qg = ip h(Bp/Bp, - 1) (8) 

where 3 , the mass transfer number, is given bv 

(1) _ 


,-l 


M 'exp[a-b/(T -43)] 

L 


- 1' 


(9) 


and B,p, the heat transfer number, is defined as 


g 


( 10 ) 


In Eq. (9) P is the ambient pressure, and M is 
the ratio of the molecular weights of fuel and 
air. Values of a and b for several commercial 


fuels are listed in Table 1 of reference 2. 

The rate of change of drop surface tempera- 
ture, T^, is given by 


d T Q - Q 
3 e 


dt 


c m 

Pf 


d T 


or. 


"V 


I |B, 


dt cm ;B 
Pv ^ 


where m = droplet mass = (r/6)ipD 


Also, we have. 


(11) 


( 12 ) 


(13) 


liip = 2iD(k/c ) ln(l + B) = ^ l(-/6).pB''] (14) 


hence 


dD 

dt- tpC D 

g 


(15) 


CAICULATION OF HEAT-U? PERIOD 

In order to calculate effective values of 
evaporation constant it is necessary first to 
estimate the duration of the heat-up period and 
the drop diameter at the end of the heat-up 
period, using Eqs. (12) and (13) respectively. 

The main drawback to these equations is that 
their solution entails iterative procedures that 
tend to be tedious and time-consuming. To sim- 
plify the process an alternative approach has 
bean developed which is much shorter and forfeits 
little in terms of accuracy. The basis of the 
method lies in the designation of mean or effec- 
tive values of '• and Tg for the heat-up period 
which, when inserted into the appropriate equa- 
tions, allow the duration of the heat-up period 
and the drop diameter at the end of this period 
to be readily evaluated. The method has been 
fully described elsewhere (2) , and only the re- 
sulting key equations are ,oresented below. 

For the mean, or effective value of ' during 
Che heat-up period we have 
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In order to estimate the heat-up period Eq. 
(12) is rewritten, using Eqs. (6) and (13), as 
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Djjij is the effective; mean diameter during the 
heat-up period. It is related to the initial 
drop diameter, D^, by the equation 


c (T - T ) ' 
Pp ^st ^0 ‘ 


°liu °o 2I,[B.j./3^,) - IJ 


It is important that the physical properties 
contained in Eqs, (16) to (20) should be evalu- 
ated at £he correct level of temperature. For 
c and _ the appropriate temperature is 0.5 
Pp ^ 

(T + T ). For the proper temperature 
S s r 

o St e 

is T . The drop diameter at the end of the 
^hu 

heat-up period is readily obtained as 
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d: = D' - -It, 

1 o hu hu 

(21) 

lifetime is given by 


t .'.c. + J.C 

(22) 

e hu St 
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(23) 


CONVECTIVE EFFECTS ON FUEL DROP EVAPORATION 

Most published values of evaporation con- 
stant, , relate to steady-state evaporation con- 
ditions in quiescent mixtures. A method for es- 
timating jj. for any stipulated values of pres- 
sure, temperature and fuel properties, is de- 
scribed in reference I. This same method has 
been used to examine the variation of with 

Tfjn- flic results are shown in Figs 1 to 4 as 
graphs of plotted against Tj^j^ for ambient 

temperatures of 500,, dOO, 1200, 1600, and 2000K, 
at pressure levels of 100, 500, 1000, and 2000 
xPa. 


4 are for quiescent mixtures only. The effects 
of rorced convection on heat evaporation rates 
r»ay re accounted for by multiplying by a 

correction factor which is a function of Reynolds 
number and Prandtl number. Frossling (5) pro- 
posed the factor 

1 + 0.2;’6 Rejj°'^ 


Another widely used correction factor is the 
following due to Rant and Marshall (6j 

0 5 0 II 

1 + 0.;i Re„ Pr (25) 

D g 



Fig. 1. Influence of ambient temperature and 
normal boiling ttunperature on the steady state 
evaporation constant for a pressure of lOOkPa. 

Ihe relative merits of these and other cor- 
rection factors for forced convection have been 
reviewed by Faeth (3). The velocity term in Re 
should be the relative velocity between the drop 
and the surrounding gas, i.e. Re^^ = UIfc^/, g. 
However, both calculations and experimeutac 
observations suggest that small droplets rapidly 
attain the same velocity as the surrounding gas, 
after which they are susceptible only to the 
fluctuating component of velocity, u'. The 
appropriate value of Reynolds number then becomes 
(u'ay-.^). 

From a practical viewpoint it would be very 
convenient if the effect of the heat-up period 
couid be comoined with that of forced convection 
in a manner that could lead to the derivation of 
an "effective” value of evaporation constant for 
any given fuel at any stipulated conditions of 
ambient pressure, temperature, velocity, and drop 
size. This can be accomplished by defining an 
effective evaporation constant as 
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where t Is the total time required to evaporate 
the fuel drop, including both convective and tran- 
sient heat-up effects. From Eqs. (21) and (25) 




Fig. 3. Influence of ambient temperature ana 
normal boiling temperature on the steady state 
evaporation constant for a pressure of lODOkPa. 
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Fig. 2. Influence of ambient temperature and 
normal boiling temperature on the steady state 
evaporation constant for a pressure of 500kPa. 
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we have 
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in whica and are based on and 

respectively. (Note that Values 

of •eff» calculated from Eqs. and are 

snovn plotted in 3'igs. 3 to *■. These fig- 
ures represent plots o: versus 

for various values of ODq* at three levels c: 
pressure, namely 100, 1000 and TooOkPa, ano three 
levels of ambient temperature, namely 300, ITOO 
and JOOOK. They show that. In general, 
increases with increase in ambient temperature, 
pressure, velocity and drop size, and disiin ..•j‘:\es 
with increase in normal boiling temperature. 

The concept o: an effective value of evap- 
orat ion constant consioerably simplifies calcu- 
lations on the evaporation character 1st ics of 
fuel drops. For example, for any given condi- 
C Ions of pressure, temperature, and relative 
velocity, the lifetime or a fviel drop o: any 


i 
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Fig. Influence o: ambient temperature ana 

normal boiling temperviture 'n : he steaav state 
evaporat Ion constant for i pressure of l\J0k.r.i. 
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•■’v;, Variation ■'!' effective evaporation 

constant wit;; :'.or-jai boiling point at a 
pressure : oiOicPa. 


itven 'ice is oDtjtneci from Eq. lEb) as 
e ■ ■ e f f 

v^niie t;;e average rate of fuel evaporation is 
Jeterainea bv JiviJing from Eq, tl3) by t 
from Eq. lEb) as 




Fig. b. Variation of effective evaporation 
constant with normal boiling point at a 
pressure of lOOOkPa. 

rate is lower than the steady-state value and 
the drop lifetime is extended. The effects of 
the hoat-ap period and those of forced convec- 
tion can be accounted for quite conveniently 
by defining a mean, or efffective, value of 
evaporation constant, such that the drop 

lifetime is obtained as 

t “ 

e o et f 


CONC.LUS ! UNS 


while the average rate of fuel evaporation 
during the drop lifetime is given by 


In tbe spray combustion of liquid hydro- 
carbon fuels tbe .beat-up period occupies a 
significant proportion of the total drop liie- 
tiiae. In consequence tbe average evaporation 
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Fig. 7. Variation of effective evaporation 
constant with nonoal boiling point at a pressure 
of lOOOkPa. 

Calculated values of evaporation constant, 
corresponding to wide ranges of fuel type, drop 
size and ambient conditions, show chat eff 
creases with increase in pressure, temperature, 
relative velocity, and drop size, and diminishes 
with increase in noriaal boiling temperature. 
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initial drop diameter, m 

drop diameter at end of heat-up period, m 

2 

heat transfer coefficient, kJ/m s K 

effective metm drop diameter during heat- 
up period, m 

thermal conductivity, kJ/ms K 
latent heat of vaporization, kJ/kg 

latent heat of vaporization at normal 
boiling temperature, kJ/kg 

latent heat of vaporization at temperature, 
T , kJ/kg 
®hu 

ratio of molecular weights of fuel and air 

mass of fuel drop, kg 

rate of fuel evaporation, kg/s 

Nusselt number 

ambient gas pressure, kPa 

Prandtl number 

rate of heat transfer to drop from sur- 
rounding gas, kJ/s 

rate of heat utilization in fuel vaporiza- 
tion, k J / s 

drop Reynolds number 
temperature, R 

boiling temperature at normal atmospheric 
pressure, K 

critical temperature, K 
drop surface temperature, K 
ambient temperature, K 
time, 3 

drop evaporation time, s 
Juration of heat-up period, s 
duration of sceacy-scate period, s 
relative velocitv between air and fuel 

evaporation constant, a', s 

effective ayerace vaiue of Jurinc j.'.:- 
1 i fet ir.e , a" ' ~ 

effective average value of curing •'.eat- 
up period, m~ 's 

dynamic viscositv, kg/ms 
. . 3 

aensrty, itg.m 


a. b constants in Eq, (9) 

S„ mass diffusion transfer number 

M 

3.J. thermal diffusion transfer number 

c specific heat at constant pressure, kJ/ kg K 

P 

3 drop diameter, m 


subscr ipt s 

A air 

F t ue 1 

V vapor 

S gas 
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o initial value 

s value at drop surface 

St steady-state value 

hu mean or effective value during heat-up 

period 

® atoblent value 
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Alternative highway transportation fuels were 
studied in three project phases. First, refining studies 
used linear programming models of composite regiortal 
refineries. Shale oils and coal liquids were included 
with petroleum crudes to make forecast 1995 product 
slates. Product variations included maximum diesel 
fuel and broadcut fuel in three regions. Methanol, 
ethanol, and MTBE in gasoline blends were explored in 
one region. In the second phase, fuels were 
formulated based on the refining studies, and blends 
were prepared using synthetic components. Products 
were shared with other laboratories for their 
evaluation. The third phase was engine testing of 
diesel fuels, broadcut fuels, and gasolines. Screening 
tests in single-cylinder CLR engines were applied to 
all fuels. Selected fuels were given durability tests in 
the same engines. Ottier fuels were tested in city and 
highway cycles in vehicles on a chassis dynamometer. 
The project identified potential fuel problems and 
promising fuel-engine wmbinations. 


ALTERNATIVE FUELS for highway vehicles are being 
studied systematically in the Alternative Fuels 
Utilization Program. (1,2 )* This report summarizes a 
three-year project to predict compositions of 
alternative highway transportation fuels, to produce 
quantities of fuels for testing, and to perform engine 
testing of those fuels. The final objectives were to 
identify problems in using those fuels and to 
characterize promising fuel/engine combinations for 
minimum energy consumption. The project was 
completed recently and most of the information has 
been reported in interim reports. The major findings 
are summarized in this report along with new 
information on a limited study of optimizing diesel 
engine operation on two fuels. 


® Numbers in parentheses designate references at end 
of paper. 


REFINERY MODELING STUDIES 

In the first project [rfiase refinery models were 
developed in cooperation with Bonner & Moore 
Associates usir^ tlieir Refinery and Petrocltemical 
Modeling System to represent composite refineries. 
Three regional models were used with forecasts of 
1995 crude supply and product demand to generate 
baseline cases. Representative shale oils cind coal 
liquids were added to the data base along with 
processing scltemes for syntlietic crudes. 

BASIS OF STUDY - The year 1995 was selected 
as the basis for forecasts. Shale oil and coal oil 
production was expected to be substantial by then. 
Also, fifteen years would give time for assumed 
changes in engine types to have significant effects on 
the vehicle population. 

Three regions were selected where syncrudes 
were expected to have major impact (Figure 1): 

» Rocky Mountains 

» Mid-Continent 

• Great Lakes 

These regions were defineu as areas with similar 
product quality and production objectives. Also, the 
refineries are near the source of shale oil production 
or are served by existing pipelines and barge 
transportation. The source of coal liquids was not as 
well defined, but coal is available in all three regions. 

Baseline projections were made for each region 
assuming conventional crudes and products. Syncrudes 
were added as part of the raw materials to evaluate 
three alternate product slates; 

« Conventional products — 1995 forecast 

® Maximum diesel fuel — limit set by 
refinery capability 

« Broadcut fuel - limit related to engine 
availability 

Broadcut fuel production was also evaluated with 
conventior«l crudes in each region. Four gasolir>e 
components, with potential for use in each region, 
were selected for evaluation: 


333 


• Methanol 

• Ethanol 

• Methyl tertiary-butyl ether (MTBE) 

• Synthetic Naphtha from Methanol 

Concentration of 10 volume percent in gasoline 
blends was used to provide a basis for comparison. 

The four gasoline supplements were used only in 
the Rocky Mountains where synthetic crudes were at 
higliest concentrations. 

PRODUCT OPTIONS - Broadcut fuel is a wide- 
boiling product (100-650OF) without octane or cetane 
requirements. It requires less processing them gasoline 
or diesel futsl. It could be used in continuous 
combustion such as turbine or Stirling engines. It may 
also be usable in intermittent combustion engines such 
as stratified charge or spark-assisted diesel. 

Product options for maximum diesel fuel and 
broadcut fuel cases were based on projections and 
estimation factors as follows: 

Max i mum Diesel Fuel - Increasing diesel fuel 
and decreasing gasoline production eventually reaches 
a limit. Four studies showed some level of diesel fuel 
production where further increases were uneconomical 
or impractical. ( 3-6 ) Based on those results, a 
replacement of 30% of the gasoline with diesel fuel 
was used to define maximum diesel fuel operation. In 
otter words, it was assumed that 30% of the vehicles 
with gasolire engines on the road in 1995 had been 
built with die:>el engines instead. 

Broadcut Fuel - Hypothetical market pertetration 
of engines to use broadcut fuel was assumed. If used 
in 6% of new vehicles in the 1985 model year and an 
additional 6% each following year, the new engine 
would account for 38.5% of vehicle miles traveled in 
1995. This was rounded off to 40% of gasoline 
consumption to be replaced with broadcut fuel. 
Availability of a fuel distribution system v'as assumed 
to develop with the engine. 

Replacement Volumes - A further assumption 
was made tlwit vehicle miles driven would be constant 
in each region. Therefore, the volume of each fuel 
replacing gasoline was adjusted for vehicle fuel 
economy. Diesel-piowered vehicles were assumed to 
average 35% more miles per g;allon than equivalent 
vehicles with gasoline engines; this amount was based 
on better engine performance and higher energy 
content of tl»e fuel. A mileage improvement of 24% 
was used for broadcut-fueled engines with similar 
assumptions on engine peformance and BTU content of 
the fuel. 

These factors were used to adjust the volume of 
the alternate fuels in the product options cases. The 
net volume reduction of 7.28% for maximum diesel 
fuel is very close to the 7.24% for broadcut fuel. This 
similarity was not planned, but it does allow 
comparison of results for the two fuel options at the 
same level of product reduction in the following 
section. 


PRODUCT VOLUMES TO REPLACE 
GASOLINES, PERCENT OF BASE CASE GASOLINE 

Maximum 


A. 

Base 

Relative Fuel 

Diesel 

Broadcut 

B. 

Economy, MPG 1.00 

Percent Gasoline 

1.35 

1.24 

C. 

Replacement, % 0 

Replacement Volume, 

30.00 

40.00 

D. 

% (B ♦ A) 

Motor Fuel Reduction 

22.22 

32.26 


% (B-C) 

7.28 

7.24 


Product Volumes - Highway transportation fuels 
were modified for three series of cases in each region. 
The ratio of gasoline to total distillate shifted from 
0.93-1.36 in the base cases to 0.54-0.73 in the 
maximum diesel cases. All other products were held 
constant in each region except that LPG production 
was allowed to vary. Raw materials then were varied 
to make a given product slate by adjusting the swing 
crude, butaites, and natural gasolines. 

RESULTS OF COMPUTER CASES - Results of 
the refining studies were reported in the first annual 
report (7) and in two presentations at DOE Contractor 
Coordination meetings. ( 8.9 ) 

Synthetic crudes replaced petroleum on nearly a 
one-to-orxs basis. For example, in the Rocky Mountain 
Region, each barrel of shale oil replaced 0.95 barrel of 
petroleum. Each barrel of coal oil replaced 1.03 
barrels of petroleum. In the Mid-Continent and Great 
Lakes Regions, shale and coal oils were processed 
together, although their components were tracked 
through the refinery separately. The combined effect 
on petroleum replacement was 0.97 and 1.02 barrels. 

Maximum diesel fuel production saved varying 
amounts of raw materials when replacing 30% of the 
gasoline with a smaller amount of diesel fuel. 
These values are compared with the reduction of 
transportation fuel that occurs as a result of the 
better fuel economy for diesel fuel, as follows: 

VOLUME % OF BASE RAW MATERIALS 


Region 

Diesel 

Savings 

Product 

Reduction 

I Sliale 

3.33 

2.97 

ICoal 

2.62 

2.97 

11 Both 

3.92 

3.63 

III Both 

2.74 

3.07 

Average 

3.15 

3.16 


The averge raw material savings for four cases 
was almost identical with the reduction in product 
volume. The variations above and below this 
reduction are a result of differences in processing and 
energy consumption within the refinery. 

Broadcut fuel mamtfacture to replace 40% of the 
giumline also resulted in raw materials savings. The 
savings in the syncrude cases were: 
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VOLUME % OF BASE RAW MATERIALS 



BCIF 

Product 

Region 

Savings 

Reduction 

I Shale 

3.27 

2.97 

ICoal 

3.59 

2.97 

II Both 

4.28 

3.61 

111 Both 

3.52 

3.06 

.Average 

3.67 

3.15 


Note that the transportation products were reduced 
because of improved fuel economy of the broaden t 
fu«?l. Broadcut savings were higher than the fuel 
reduction because of addeid benefits in processing and 
energy consumption in th«j refinery. Similar savings 
occurred for broadcut fuel nsade from petroleum. 

Gasoline supplements wwe used at 10% 
concentration in the Rocky Mountain region. 
Methainol replaced slightly less than 1 bairrel of 
petroleum per barrel of supplement. Ethanol and 
MTBE were somewhat more effective and saved over 
1 barrel of petroleum per barrel supplement. 

Syntlietic naphtha from methanol was 

incorrectly assumed to be used as a gasoline 
suf^lement. Later information showed that Mt^il 
MTG was a finished gasoline with well balanced 
/olaf.lity and could be marketed without further 
blending. The Mobil process is likely to b<? used in 
new plants independent of refineries. 

Refinery energy cemsumption was accounted for 
in the total raw materials used. Investment costs 
were included in the refinery models for incremental 
facilities needed in each case. These factoi’s were 
reported for each case in the first annual report. (7). 

FUEL FORMULATION 

The second objective of the project was to 
formulate and prepare blends of various types of fuels 
for laboratory and engine testing in the succeeding 
pliase of tfie project. Mauiy of these fuels were based 
on computer results from the refinery modeling phase 
discuss^ in the last section. Other fuels were 
synthetic fuels or blends provided by programs in fuel 
conversion research. Tfie blends were prepared to 
utilize the components which were available to 
represent possible future [iroducts. 

Formulation of eijjht diesel fuels and seven 
broadcut fuels was described in the second annual 
report (10) and a presentaion at the DOE Contractors 
Coordination Meeting. (I I) Gasolines for testify were 
described in detail in the project final report (12) and 
a coordination meeting presentation. (13) 

DIESEL FUELS - Four shale-derived [woducts 
were available. Two of these were Paraho DFM and 
Paraho 3P-5 jB-ovided by the U.S. Navy and tlie 
Standard Oil Company of Ohio. (L*) The Paraho 
materials were finished products, refined to meet 
Navy specifications. Tvro otfier blends were made 
with Paraho components and petroleum fractions to 
represent refinery products where stele oil was only 
part of the raw materials. 


Four coal-derived diesel fuels were prepared 
using SRC-Il middle distillate from the Pittsburg and 
.Midway Coal Mining Company, a Gulf subsidiary. This 
component was not a finished ei^ine fuel because high 
aromatics content gave it a low cetane number, and 
heterocompounds contributed to low stability. 
Blending with other components in this study allow^ 
it to be used without further treating. Two refinery- 
type blends were prepared to diesel fuel quality, over 
40 cetane number, using 13 and 16 volume percent 
5RC-1I material. Two other blends were made at 
lower cetane levels using 35 and 50 percent 
concentrations of coal distillate. 

broadcut fuels - Seven broadcut fuels were 
patterned after blends with a variety of compositions 
in the computer study. These wide boiling range 
products were made without octane or cetane 
specifications, using components in both the gasoline 
and diesel fuel boiling ranges. Paraho shale oil 
naphtha was supplied by SOHIO. Coal-derived naphtha 
was simulated as described in the section on gasoline 
formulation. Diesel boiling range fractiofis from 
shale, coal, and petroleum were used as needed to 
match properties of the blends. Since there was no 
standard broadcut fuel for comparison, and testing was 
done in diesel engines, pierformance was compared 
with Phillips D-2 diesel fuel. 

GASOLINES - Eight gasolines were tested in the 
project. Two of these fuels were supplied ready to 
use. Gulf Research and Development Corporation 
provided a blend of 5 volume percent methyl aryl 
ethers (MAE) in unleaded gasoline. The methyl aryl 
ethers were produced by extraction of phenolic 
compounds from solvent refined coal liquids followed 
by reaction to add a methyl group. ( 15 ) The mixture 
of ethers is in the gasoline boiling range and improves 
gasoline octane. The unleaded gasoline was also 
supplied for comparison of properties and 
performance, and was used as baseline fuel for 
comparison with all gasolines tested. 

The second synthetic gasoline was supplied by 
Mobil Research and Development Corporation. This 
product was produced by Mobil’s MTG (methanol to 
gasoline) process in a fixed-bed pilot plant at 
Paulsboro, New Jersey. It contained antioxidant and 
metal deactivator, but no other additives. 

Six other gasolines tested were blends prepared 
at SwRL Five of tlvese were modifications of a 
simulated coal-deriv«xi (SCD) blend. 

It was noted that naphtha and reformate ;rom 
coal sources have significantly more oicyclic 
aromatics and naphthenes than petroleum in the same 
boiling ranges. Detailed compositions were reported 
by UOP, Inc., in a study of hydrotreating and 
reforming of naphthas from tlie H-coal process. (16) 
The plan was initiated to simulate those H-coal 
characteristics by addition of tetralin-naphthalene 
mixtures derived from coal, and/or pure tetraUn and 
decatin, to petroleum naphtha or reformate. I'he 
simulated compofwmts were then blended with other 
petroleum fractions to make a final product for 
testing. 

Five gasolines contained oxygenates in various 



ccMDcentra lions to evaluate their comj}atibility with an 
SCD type gasolines. The first blend was a simple 
addition of 6.9 volume percent methanol to the Gulf 
unleaded baseline gasoline. This methanol proportion 
was defined to provide the same oxygen content by 
weight as a 10 voKime percent ethanol blend. 

The final four oxygenate blends were made to 
use the beneficial properties of the alcohol or ether to 
produce a finished product of controlled octane and 
volatility. This approach was used in the refirtery 
modeling study and represented probable refinery 
practice. With the high octane oxygenated compounds 
available as blend stocks, catalytic reformer operation 
would be adjusted to lower octane levels for yield and 
cost savings. The higher RVP contribution of alcohols 
would be offset by using less butane or other light 
components in the blends. 

To accomplish the same approach for using 
alchols and ethers in actual blends, ttie SCD reformate 
octane was modified by small increments of low 
octane SCD naphtha. The SCD naphtha was prepared 
for use in a broadcut fuel using the same approach as 
used in simulating; coal-derived reformate. 

PRODUCTS FOR OTHER RESEARCH 
PROGRAMS - The third phase in the project plan was 
making products available to other researchers for 
evaluation in various programs. The only obligations 
were to assume shipping charges and to provide results 
of the evaluations to DOE. 

In addition, special blends were prepared for 
DOE projects at University of Miami and Purdue 
University. 

Samples oi various sizes, usually small, were 
shipp>ed to the following laboratories: 

Cummins Engine Company, Inc. 

Environmental Protection Agency 
(Projects at SwRI) 

Ethyl Corporation, Research Department 
Mobil Research & Development Corp. 

NASA-Lewis Research Center 

National Bureau of Standards 

Naval Ship Research Jc Development Center 

Pennsylvania State University 

Perkins Engines, Inc. 

Phillips Petroleum Company 
Research Jt Development Department 
Purdue University 
S tanadyne Corp. 

U.S. Army Fuels and Lubricants 
Research Laboratory (SwRl) 

United Technology Research Center 

References to reports or testing results are 
given in the project final report. (^) 

FUEL EVALUATIONS 

The fourth phase of the project was to evjiluate 
the fuel by engine testing. All fuels were subjected 
to screening tests in single-cylinder CLR engines. The 
direct injectiori, compression ignition configuration 
was used for diesel and broadcut luels and was 
changed to carbureted, spark ignition for gasolines. 
Limited durability tests were run on two selected fuels 


in the same engines. Full-size vehicle tests on a 
chassis dynamometer were made on two diesel and two 
broadcut fuels using a 1981 Oldsmobile Cutlass; four 
gasolines were run in a 1981 Volkswagen Rabbit. All 
tests compared performance and emissions with 
baseline fuels. 

Most of the engine testing results have been 
presented in wveral interim reports. These reports 
will be cited as references, and new information not 
previously reported will be discused in this report. A 
limited fuel/engine optimization study evaluated 
performance and emissions with a broadcut fuel and 
the baseline diesel fuel at optimum injection timings. 
A summary of all test results is given at the end of 
this section. 

SINGLE CYLINDER TESTING - Screening tests 
in single-cylinder CLR engines were run to determine 
relative performance and emissions with a minimum 
amount of fuel. Fuel consumption ranged from 1 to 5 
pounds p>er hour over the range of 1 to 8 brake 
horsepower. A complete screening of 5 load 
conditions at 3 different speeds was completed with 
about 10 to 12 gallons of fuel. Screening tests 
provided a basis for selection of fuels for other types 
of testing. 

Diesel Fuels - CLR tests were reported for eight 
synthetic-derived diesel fuels in the second annual 
report. ( 10) 

Broadcut Fuels - Results of single-cylinder 
testing of seven broadcut fuels are summarized in the 
second annual report.! 10) 

Gasoline s - Single cylinder testing of eight 
gasolines and the base fuel was conducted in the third 
year of the project and is covered entirely in the final 
report. (12 ) 

DURABILITY TESTING - The amount of 
durability testing was limited by tlie quantity of fuel 
available. Duration was set at 115 hours for diesel fuel 
and 100 hours for gasoline which were believed to be 
minimum times to detect differences in wear or 
deposits. About 50 gallons of diesel fuel and 70 
gallons of gasoline were used in each of the tests 
described in this section. 

Diesel Fuel - The single cylinder CLR diesel 
engine was used to perform two 115 hour durability 
tests. The first test was a baseline run using the 
Phillips D-2 diesel control fuel. The second test was 
performed using Coal Case 5A diesel fuel. Results are 
given in the project final report. 1I_2) 

Gasol ine - Two 100-hour durability tests were 
performed using the same CLR spark ignition engine 
as used in the gasoline evaluations. The baseline test 
was performed using unleaded regular gasoline with 
properties similar to the MTG product. Mobil MTG 
was selected for evaluation in the durability test 
because of its unique synthetic origin. Details were 
reported in the final project report. (I?) 

VEHICLE TESTING - Selected fuels were tested 
in vehicles on a chassis dynamometer by the Emissiewts 
Research Department at SwRI. Testing was done in 
accord with the Federal Test Procedure (FTP) and 
Highway Fuel Economy Test (HFET). These tests are 
sometime referred to as city and highway driving 
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cycles, respectively. 

Diesel and Broadcut Fuels - The multi-cylirKler 
testing was done in a 1981 Oldsmobile Cuitlass powered 
by a 390 CID diesel engine an<i automatic 
transmission. The engine was rated at 105 SAE net 
horsepower at 3200 HPM. Vehicle test weight was 
3000 pounds. Odometer readirtg was 3.18<> miles at the 
start of testing. Results in Table 1 in the Appendix 
are presented from th<! final report. (12) 

Gasolines - A Vedkswagen Rabbit with automatic 
transmission was used for testing gasolines. The 1.7 
liter spark ignition engine was rated SAE net 
horsepower at 3000 RPM. Vehicle test weight was 
2500 pounds. Odometer reading was 8,627 miles at the 
start of testing. The catalyst assembly was removed 
from the exhaust system of the car and replaced with 
a sectiw of equal pressure dr<^ so tlwt maximum 
emissiofw and differeivces were measured. The closed 
loop control system was operative during the 
dynamometer runs. Results are given in Table 2 in the 
Appendix; details were preswted in the final report. 
(12) 

LIMITED FUEL/ENGINE OPTIMIZATION - The 
single cylinder scrersning tests of the diesel and 
broadcut fuels were made with the intent of holding 
engine conditions constant, so that differences in 
results from baselitte fuel could be ascribed to 
differences in the test fuel composition or properties. 
A few fuels ran poorly in the engine at certain 
conditions. Poor operatiop included inability to start 
the cold engine, kn^lking which varied with speed, and 
unstable operation (misfiring) at various speeds. 

Since the engine operating conditions, as well as 
design, are generally based on the baseline fuel, it is 
not unexpected that any fuel which differed greatly 
from baseline fuel would perform poorly at some 
speed-load conditions within the engine operating 
range. One factor, which is fuel dependent, that could 
affect engine perforrrrance is ignition delay. 
Adjustment of injection timing could correct for 
ignition lag and improve performance of marginal 
fuels. Thus, injection timing c^timization could keep 
a potentially useful fuel from being eliminated 
prematurely if tested at unsuitable cwiditions. 

Fixed Air-Fu el Rat io - The technique used fo.- 
this optimization involved defining the injection 
timing which produced maximum brake torque output 
of tfie engine. The test matrix included three spc*eds 
(1000, 1500 and 2000 RPM) aitd three rack settings. 
The rack settings were chosen so that they would 
correspond to air luei ratios of 20, 30 and 40:1. 
Engine power output was recorded as injection timing 
was adjusted at each specific speed-rack setting. The 
optimum injection timing occurred when maximum 
power output was obtained. 

One baseline fuel (Phillips DF-2) and one 
broadcut fuel (BCF-6), having properties and 
performance significantly different from each other, 
were chosen for optiinization by the nrethod indicated. 
The optimum injection timings were found for each 
fcKtl at each speed-rack setting. Typical optirnizatio'-' 
curves, rftown in Figure 2, are plots of load versus 
injectiem timing for the broadcut and baseline fuels at 
1500 RPVl and an aiir-fuel ratio of 20:1. The optimum 


timings for this speed-rack condition are 16 and 18° 
BTDC for Broadcut Fuel 6 and Phillips D-2, 
respectively. 

In general the optimum timings for the broadcut 
fuel were retardeti from that of the baseline fuel 
except the high speed condition (2000 RPM)where the 
optimum timings for the baseline and broadcut fuei 
coincided. For ctises where the optimization curve 
was relatively flat, optimum timing was chosen as the 
most retarded injection timing which gave maximum 
brake torque. 

A portion of the higher load generated by the 
broadcut fuel is due to a higher heal of combustion of 
the broadcut (19083 BTU/lb) as compared to the 
baseline fuel (18078 BTU/Ib). In Figure 2, 
approximately half of the 1 1 percent increase in load 
is accoimted for by a 5.5 percent increase in energy 
content. 

In order to segregate the fuel effects on engine 
performance from the effects of the engine 
optimization, additional testing was conducted with 
each fuel at the optimum injection timing of its 
counterpart fuel. This essentially produced four sets of 
data. 

1. Diesel fuel at its optimum injection timing 

2. Broadcut fuel 6 at its optimum injection 
timing 

3. Broadcut fuel 6 at the optimum injection 
timings for diesel fuel. 

4. Diesel fuel at the optimum injection 
timings for broadcut fuel 6. 

A comparison of the optimized performance of 
each fuel with ttie unoptimized performance reported 
in the second annua! report (10) is shown in Figure 3, a 
plot of 8SEC vs BHP at 1500 RPM. For both fuels, it 
is appxarent that injection timing optimization 
improved performance. This plot also shows that 
while the broadcut fuel performs worse than the 
baseline fuel with standard timings, the performance 
of the broadcut fuel is significantly better than the 
baseline with timing optimization. 

The effects of optimized injection timing are 
slKiwn in Figure 4 at 1500 RPM. At each speed the 
lowest BSEC's are obtained with the broadcut fuel at 
its optimum timings. In addition the BSEC's obtained 
by the broadcut fuel at the optimum timings for the 
diesel fuel are significantly lower than those obtained 
by the diesel fuel. 

Based on ttie results obtained, injection timing 
optimization appears to significantly enhance the 
performance of potential fuels which would otherwise 
be eliminated du«s to poor performance in standard 
engine tests. It is clear however, that optimization 
based solely on maximum brake torque is not 
sufficient to define the optimum timing due to knock 
limitations. The optimum timing could lie in a region 
in wliich the knock has a detrimental effect. 
Therefore optimization based on maximum power 
should be coupled with a quantitative estimate of 
knock. This estimate could simply be a measurement 
of the amplitude of pressure oscillation after ignition. 
Thus the method would allow maximizing power output 
while remaining outside the region of detrimental 
knock. 
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Other methods of optimization involve 

maintaining fixed power output or fixed energy input 
instead of fixed air-fuel ratio. The fixed power 
optimization method would involve maintaining a 
given load while adjusting the injection timing to 
obtain a minimum energy consumption. While all 
methods require precise measurement of fuel flow, 
this meth^ would require relatively long 

measurement intervals so that the starrdard error of 
measurement would be a relatively small portion of 
the total fuel flow. 

The fixed energy method involves adjusting the 
timing to obtain maximum power while energy input to 
the engine is held constant. This method requires that 
the energy content of the fuel be known accurately. 
One advantage of this method is that it accounts for 
differences in energy content. Thus any mcrease or 
decrease in maximum power would essentially be 
proportional to an increase or decrease in efficiency. 

Fixed Power Output - In order to illustrate the 
other methods of optimization, the 1500 RPM and 20:1 
AFR test point was selected as a basis for further 
timing optimization runs. The fixed power output 
scheme was run first. Figure 5 is a graph of BSEC 
versus timing for the baseline and broadcut fuels, 
respectively. These data were obtained by varying the 
timing while adjusting the fuel flow to maintain 
constant loads of 21.2 ft-lb for the base fuel and 25.7 
ft-lb for the broadcut fuel. The optimum timing 
occurred at the minimum fuel flow, hence minimum 
BSEC, As indicated by the figure, the optimum 
timings were 20*^ BT3C and 22^ BTDC for Broadcut 
fuel 6 and Phillips 0-2, resp<Krtively. These timings 
were advanced from those obtained by maximizing 
power output which were 16® and IS® BTDC for the 
Broadcut fuel and Phillips D-2, respectively. At the 
optimum timings, the energy consumption of the 
broadcut fuei was 16 percent less than the base fuel. 

It should be noted that the load set points for the 
constant power optimization were lower than the loads 
obtained at the corresponding test point (1500 RPM, 
20:1 AFR) and optimum timings (16® BCF, IS® Base) 
for the fixed air fuel ratio optimization. For the 
broadcut fuel, the 25.7 ft-lb set point was 6,2 percent 
lower, while the set point for the base fuel, 21,2 ft-lb, 
was 10.9 percent lowe'- One possible explanation 
attributes a decrease in load for the ise fuel to 
increased clearance between injection plunger and 
barrel due to wear. Therefore, in order to maintain 
the same fuel flow rate, the length of the injection 
event was increased. thus compromising the 
combustion process and decreasing efficiency. It was 
suspected that the marginal lubricity of the heavy 
naphtha comprising 50 percent of the broadcut was 
responsible for ttie injection pump wear. The 
hypothesis was that the plunger expanded due to 
excess heat generated by an increase in friction. This 
was evidenc^ by freezing of the rack position during 
operation with the broadcut fuel. It appears that the 
increase in friction in the injection pump raised the 
friction horsepower requirement of the engine thus 
reducing the brake horsepower. 

This IS only a hypothesis, tn order to obtain a 
definitive explanation, it would have been necessary to 


make indicated horsepower measurements. Thus any 
change in friction horsepower could be calculated by 
the differerKre of the brake and indicated 
measurements. A change in the combustion process 
could also be detected by a cheinge in the apparent 
heat release. 

Fixed Energy Input - The fixed energy input 
scheme involved matching the energ" input of the 
broadcut to that of the base fuel, thus accounting for 
differing heats of combustion. The test conditions was 
1500 RPM and the load obtained at the 20:1 AFR. The 
injection timing was then adjusted to find maximum 
power output. Figure 6 shows the load versus timing 
curve for the broadcut fuel when the energy input was 
matched to that of the base fuel during the fixed air- 
fuel ratio optimization. As indicated by the figure, 
the optimum timing for the broadcut was 16® BTDC; 
the same optimum timing obtained by the constant 
air-fuel ratio method. Under the same test c nditions, 
the optimum timing was 18® BTDC for the base fuel. 

Although the curves fall close together it should 
be note<i that at the time when tfie broadcut fuel test 
points were run, it is hypothesized that an increase in 
friction horsepower decreased the brake 
measurements by 6.2 percent, while the base fuel data 
were collected before any appreciable wear in the 
injection pump. Allowing for this difference, the 
broadcut fuel produced a 6.2 percent increase in power 
output. As with the fixed air-fuel ratio method, both 
the fixed energy input method and the fixed load 
methods of optimization produced results which were 
affected by the degree of engine knock occurring 
during the test. 

ENGINE TESTING RESULTS 

The following comments summarize ail of the 
major results of engine testing which have been 
presented in previous reports. (10,11, 12, 13). 

Diesel fuels derived from Paraho shale oil were 
well refined products. Their performance and 
emissions were similar to the base fuel and the minor 
differences were explained by differences in boiling 
range or other properties. Two blends with petroleum 
fractions indicated that the straight materials were 
compatible in blends. 

The SRC-II coal-distillate was a product from 
the coal liquefaction process and not further refined. 
It was unstable and had a strong odor. Two blends 
were made at low 5RC-I1 co,ncentrations to rep>resent 
products from Rocky Mountain Case 5A and Case 12. 
Both fuels ran well in the CLR diesel engine with 
energy consumption close to the base fuel. 
Particulate emissions were high for both fuels, and 
hydrocarbon emissions were high for Case 5A. These 
effects may have been related to high 90 percent 
distillation temperature .ind viscosity as well as the 
presence of SRC-H. 

Coal Case 5A was also tested in a 1 1 5-hour 
durability run. Deposits found in the combustion 
chamber were believed to have caused a piston ring to 
stick. This in turn caused higher wear rates. Carbon 
residue: of the lubricating oil also increased faster than 
with the base fuel. 
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The same Coal Case 5A diesel fuel exhibited 
much better performance in the Oldsmobile vehicle 
tests. Fuel economy and particulates were practically 
identical with the base fuel. Only nitrogen oxides 
emissions were high which may be related to 
hydrocarbon types or organic nitrogen in the fuel. 

Higher concentrations of SRC-II were used in 
Medium Cetane (31.4 CN) and Low Cetane (25.4 CN) 
blends. Further problems were identified in the CLR 
engine with these two lower cetane number fuels. The 
M^ium Cetane bU;nd caused knock at all speeds and 
unstable operation at some speed and load conditions. 
The Low Cetane blend caused severe knock, unstable 
operaticKi, and would not allow cold starting. 
Particulates and nitrogen oxides emissions were high 
for both fuels. 

The Medium Cetane diesel fuel ran suprisingly 
well in the Oldsmobile vehicle, with no increase in 
knocking. Fuel economy was down slightly in the city 
cycle. Particulates were less them the base fuel, but 
all gaseous emissions were higher. 

Coal-derived diesel fuels were evaluated in 
blends over a range of properties, and problems were 
identified above for certain blends. The results and 
fuel properties can provide a basis for estimating the 
minimum degree of treatment of SRC-II distillate for 
acceptable performance. 

Broadcut fuels were tested in the same diesel 
engines and ran reasonably well without engine 
modifications. In the CLR engine, fuel consumption 
was generally more^ than the base fuel and was higher 
with more naphtha in the blends. Hydrocarbon 
emissions followed a similar pattern. Particulate 
emissions were high for blends with high 90% 
distillation temperatures. Knocking was moderate to 
severe with all fuels. The two lowest cetane fuels 
would not provide stable opteration at all speeds or 
cold start ability. 

The Oldsmobile diesel was more fuel tolerant 
than the CLR for knocking tendency with two fuels, 
BCF-2 and BCF-4. Fuel economy in MPG was lower 
tlian the base fuel and emissions of hydrocarbons and 
carbon monoxide were higher. BCF-4 with higher 
nap>htha content exhibited the lowest combustion 
efficiency. The only modification required was a 
booster pump to provide positive suction for the 
engine fuel pump. 

A series of tests was run to optimize injection 
timing for one broiidcut fuel (BCF-d) and the baseline 
fuel. Injection timing was adjusted in 2^ increments 
to find the pjoint of maximum pxjwer outfHit. The tests 
showed that fuel consumption (in BSEC) was improved 
(or both fuels by timing optimization. The broadcut 
fuel p)crformance improved more thjin the base fuel, 
and changed its ranlxing from "worse than" to "better 
than" the base fuel. Emissions at optimum timing for 
the broadcut fuel were higher NOx, lower CO, and 
only slightly higher hydrocarborts. The main impwsct of 
the test results was that timirtg or other optimization 
can substantially impnrove the relative performance of 
a test fuel. 

The results of these limited optimization 
exp>eriments point out the need for standard test 
methods for alternative fuels. The procedures should 


be developed to give each fuel a fair test, and 
should not be based on an engine optimized for 
p>etroleum fuels. Two advantages would accrue 
from such procedures. First, test results from v<trious 
laboratories would tend to standardize and be more 
comparable. Second, data needed (or future engine 
design would be provided. 

Gasolines tested in the CLR $p>ark ignition 
engine showed only minor variations in performance 
and emissions from the base fuel or among the eight 
test fuels. The fuels were made to unleaded regular 
gasoline specifications and had similar properties, but 
with differences in composition, both hydrocarbon 
types and oxgenated compxwjnds. Therefore, any 
differences were primarily composition effects. This 
effect showed with the measurable increase in average 
energy consumption (BSEC) for SCD gasoline. Use of 
ethanol in the modified SCD blend improved energy 
consumption; and methanol made a somewhat larger 
improvement. MTBE in a modified SCD blend did not 
change energy consumption. 

Although test results were similar for all 
gasolines, the SCD gasoline with 6.9 porcent methanol 
appeared to have slightly lower emissions and higher 
thermal efficiency than the other fuels, and in 
p>articular than the similar SCD blend with 10 p>ercent 
methanol. Additional work may be worthwhile to 
verify tlve results and to find reasons for the 
deleterious effects of the additional 3.1 p>ercent 
methanol. 

Mobil MTG gasoline showed good performance in 
all three types of engine testing. In the single cylinder 
CLR engine, the MTG emissions were lower than the 
baseline gasoline. The CLR durability runs resulted in 
less wear during the MTG test which was consistent 
with less lubricating oil wear metals, viscosity 
reduction, and fuel dilution. In the multi-cylinder 
tests in a Volkswagen Rabbit, the MTG produced 3.6 to 
5.5 percent better MPG and slightly lower emissions. 

The SCD gasoline gave 4.6 and 6.4 percent 
better MPG than base fuel in the Volkswagen Rabbit. 
The SCD blends with 10 p>ercent methanol amd 10 
p>ercent MTBE had slightly lower fuel economy than 
base fuel ori an MPG basis, but were about equal in 
miles per MM BTU. The methanol blend produced 
higher CO and HC emissions, but lower NOx. The 
MTBE blend emitted more CO than baseline. 
Emissions from all gasolines would be controlled to 
1982 EPA standards by use of catalyst. 

CONCLUSIONS 

This report has covered the project in condensed 
form except for the more det iiled description of 
recent work on optimized fuel injection timing. The 
following conclusions and recommendations ap>pty to 
the overall p>roject, essentially as presented in ttw 
project final rep>ort. (»2), 

REFINING STUDIES - The linear programming 
models expxlored maximum diesel fuel, broadcut fuel 
and oxygenate gasoline blend cases in the Rocky 
Mountain, Mid-Continent, and Great Lakes regions. 
The main conclusions were: 
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o Diesel fuels of somewhat lower quality Cem 
be utilized with penalties in emissions. 
Potential savings in refining were not 
evaluated. 


o •’’■oduct compositions in the several cases 
provided patterns for blending 
transportation fuels in the experimental 
phase of the project. 

o The amount of raw materials saved or 
replaced in each case was a measure of 
economic benefit, since purchase of raw 
materials is the largest refinery operating 
cost. 


o Maximum diesel fuel saved an average 3.2 
percent of raw materials, the same amount 
as the reduction in product demand as a 
result of better fuel economy for diesel 
engines. 

o Broadcut fuels cases saved an average 3.7 
percent of raw materials, slightly more 
than the 3.2 percent reduction in product 
demand because of better engine fuel 
economy. 

o Refinery energy savings were greater for 
broadcut fuel than for maximum diesel 
production. 

o Broadcut fuel production could be 

increased but diesel fuel was at its limit. 

o Early development of engines to use 

broadcut fuel (or any fuel requiring less 
processing) would avoid building facilities 
to make conventional fuels (such as more 
unleaded gasoline). 

o Oxygenated compounds in gasoline saved 
raw materials in amounts proportion to the 
volume of gasoline supplements used, as 
follows: 

Methanol 0.83 to 0.96 

Ethanol 1.01 to 1.21 

MTBE 1.16 to 1.19 

The original forecasts and modeling premises 
were reviewed and found to be valid, with one 
exception. The 1.6 f>ercent annual growth rate in 
product demand projected in 1979 might be replaced 
by about 0.5 percent annual decline in 1982. 
Therefore, the original conclusions about investment 
costs for new facilities would change and have been 
omitte<l in this discussion. 

ENGINE TESTING - Results from ertgine testing 
provide a basis for numerous conclusions in three 
categories. 

G eneral Conclusion s - Findings with broad 
applications in the first group are as follows: 

o Diesel fuels of normal specification 
quality continued to show good fuel 
economy and reasonable emissiofis. 
Savings in refining raw materials and 
energy use are available up to 

some limiting diesel productiwi. 


o Paraho shale-derived distillates which 
were adequately refined performed well in 
diesel engines. Results with straight 
DFM ^md 3P-5 and with blends showed only 
minor differences from petroleum. 

o SRC-II coal-derived distillate at less than 
20 volume percent in blends performed 
well in single-cylinder and vehicle tests. 

o Broadcut fuels blends were evaluated in 
diesel engines with variable results 
depending on properties and composition. 
Results were better in a vehicle than in 
single-cylinder tests. Fuel consumption 
and HC emissions generally were higher 
than diesel fuel, and overall performance 
was better for blends with more than 32 
cetane number. (See the later comment on 
single-cylinder engine optimization). 

o Gasolines of varying composition showed 
little variation in the single-cylinder 
engine tests because of similarity in 
properties. 

Problems - Various problems in use of the fuels 
were identified as follows: 

o SRC-II distillate at 16 percent of the blend 
was tested in a CLR engine durability run. 
Deposits in the combustion chamber caused 
a piston ring to stick. Lubricating oil 
degradation and higher wear were 
observed. 

o Blends with 35 and 50 percent SRC-11 

operated poorly in the CLR engine with 
high particulates emissions. The 35 
percent blend ran well in a multi-cylinder 
vehicle engine, but showed high gaseous 
emissions. 

o Broadcut fuel consumption and 

hydrocarbon emissions were generally 
higher with both CLR and vehicle engines. 
The effects were greater in fuels with 
lower cetane number and higher naphtha 
content. 

Potential - Promising fuel-engine combinations 
that were found in the engine phase included; 

o Broadcut fuels could be used in diesel 

engines with minor fuel system 
modification and an increase in HC and CO 
emissions. Refining savings are equivalent 
to those obtainable by making additional 
diesel fuel, and potential production levels 
are higher. 
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o Broadcul fuel performance can be 
improved by higher cetane number, lower 
naphtha content, cmd perhaps other 
property changes. Effect on product 
economics is unknown. 

o The limited optimization study with one 
broadcut fuel in the CLR engine showed 
marked improvement in performance and 
emissions. This approach made the fuel 
more usable and offers encouragement for 
further <levelopment. 

o The fixed energy input method appears to 
be most advantageous for optimizing 
injection timing. It accounts for heating 
value differences and allows more direct 
comparison of the fuels than fixed air-fuel 
ratio and fuel flow. It also allows shorter 
tests than fixed power output with 
measurement of small variations in fuel 
flow. 

o Gulf gasoline with methyl aryl ethers 
performed well in limited testing. More 
extensive testing had already been done by 
Gulf (15) and others, 

o Mobil MTG gasoline compared favorably 
with baseline fuel in all three types of 
engine tests in this study. 

o Three oxygenated compounds were 

apparently compatible vith simulated coal- 
derived gasoline and caused no adverse 
effects. 

o Simulated coal-derived gasoline with 6.9 

percent methanol appeared to have 
advantages in engine performance and 
emissions, 

RECOMMENDATIONS 

The results and conclusions presented led to the 
following recommendations: 

1. Coal-derived distillate or synthetic crude 
evaluation should be based on an 
adequately treated diesel fraction. The 
processing would probably be 
hydrogenation at two or more levels of 
severity. Data for evaluation of 
manufacturing and enough fuel for engine 
and vehicle testing should be provided. 

2. Broadcut fuel quality variation should be 
explored to develop specifications more 
suited to needs of actual engines and fuel 


systems. This step would be related to the 
following three proposals. 

3. Broadcut fuels optimization studies in 
diesel engines could explore pterformance 
and emissions under test conditions best 
suited to the fuel. Systematic variation of 
fuel properties would permit generalized 
conclusions. Minor engine modifications 
could also be considered. 

4. Other types of engines should be used to 
explore use of broadcut fuel from 
petroleum or synthetic sources to establish 
desired qfuality parameters. Candidate 
engines could include Stirling, turbine, 
stratified charge, spark-assisted diesel, or 
diesel engines with other combustion 
chamber designs. 

5. With modified specifications from 

recommendations 2 through 4 above, 
refinery models could be used to evaluate 
the effect of the new quality levels. 

6. Shale-derived and coal-derived gasoline 

components should be obtained or prepared 
to make blends for engine and veKcle 
testing. The fnost likely components would 
be reformate and catalytically cracked 

gasoline. 

7. A. standard test procedure should b>e 

developed for evaltjating alternative fuels. 
The procedure wotild define methods to 
optimize spark advance for SI engines or 
injection timing for Cl engines for the 
include severity of engine knock, heat 
release rate, indicated power, and possibly 
wear of engine and components. 
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APPENDIX 


Table 1. Summary of Emissions and Fuel Economy Tests in a 1981 Olcismobile Cutlass 

with a Diesel Engine 

Federal Test Procedure (FTP) 

Fuel 



Emission, 

grn/mile 

Econ. 

Emission, 

gm/miie 

Econ. 

Fuel 

HC 

CO 

NOx 

Part. 

MPG 

HC 

CO 

NOx 

Part. 

MPG 

Baseline D-2 

0.26 

1.14 

1.05 

0.383 

22.44 

0.15 

0.71 

0.60 

0.216 

33.63 

BCF-2 

0.58 

2.17 

1.00 

0.220 

18.55 

0.34 

1.24 

0.55 

0.121 

28.34 

BCF-4 

0.53 

1.80 

0.85 

0.389 

20.94 

0.27 

1.01 

0.50 

0.177 

30.27 

Coal Case 5A 

0.18 

1.06 

1.27 

0.389 

22.38 

0.10 

0.64 

0.72 

0.204 

33.22 

SRC-11 
Med. Cetane 

0.37 

1.37 

1. 61 

0.359 

21.66 

0.19 

0.84 

0.95 

0.195 

33.22 

1981 Fed. 
Standards 

0.41 

3.4 

i.O 

0.60 








Table 2. Summary of Emissions and Fuel Economy Tests in a 1981 VW Rabbit with 51 

Engine and Without a Catalyst 

Federal Test Procedure (FTP) Highwav Fuel Economy Test (HFET> 



Emission, Rm 

/mile 

Fuel 

Economy 

Emissi 

on, Rrfij 

(mile 

Fuel 

Economy 

Fuel 

HC 

CO 

NOx 

MPG 

HC 

CO 

NOx 

MPG 

Baseline 

1.16 

8.56 

4.92 

24.45 

0.92 

8.03 

5.44 

31.28 

Mobil MTG 

1.09 

8.24 

4.39 

25.32 

0.84 

7.72 

4.75 

32.99 

Sim. Coal Derived 
5CD - 

1.13 

8.37 

4.78 

25.57 

0.85 

8.24 

5.26 

33..’ 

109b Methanol 

1.21 

9.91 

4.52 

23.33 

1.00 

12.66 

5.21 

29.81 

SCD * 109b MTBE 

1.16 

9.16 

4.83 

23.64 

0.92 

8.59 

5.21 

31.15 

1982 Fed. 

Standards 

0.41 

3.4 

1.0 

- 

- 

- 

- 



NOTE; Results in Tables 1 and 2 are averages of duplicate tests on each fuel. 


Test (HFE T) 
Fuel 
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Figure 1. Regions for Composite Refinery Models 
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Figvire 2. Load vs. Injection Timing for 1^00 RPM and 20tl Air-Fuel Ratio 
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Figure 3. BSEC vs. Power at 1500 RPM, Optimurrt and Standard Iniertion Timings for 

Phillips D-2 and BCF-6 
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Figure 1 . BSEC vs. Power at 1500 RPM for Phillips D-2 and &CF-6 at Optimum 

Injection Timings o( Both Fuels 
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Figure 6. Load vs. Iniection Timing at Fixed Energy Input (1500 RPy) 
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Summary: Report of Hydrogen SI 

Engine Research 

Robert R. Adt, Jr. and Michael R. Swain 
Univ. of Mlarpj 

John M. Pappas 

Hawthorne Research and Testing Inc. 
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The objective of the project 
reflected in this paper is to document 
an experimental design data-base on 
hydrogen-fueled automotive engines. 

The effort, sponsored bv the J.S.- 
Department of ??r.ergy, is Jiiectod 
toward possible future designs of 
airbreathing piston engines using 
hydrogen. To this end, pertinent 
performance and emissions (NOj^ only) 
characteristics of 19 engine 
configurations are presented. 

Configurational variations of a 
1600 cc automotive test engine 
included: throttled and unthrottled 

operation ii.e., quantity and quality 
power level control); central 
manifold, port, direct cylinder 
injection; single and divided 
combustion cnambers; exhaust gas 
recirculation 'SGR), water induction 
and air infection; and certain other 
features. 

Comparisons of these hydrogen- 
engine characteristics with the stock 
gaso 1 i ne- f ue led reference case ate 
made at the same d isplacements , and at 
a : stock.' compression ratio of 9.0:1. 


PROSPECTS AND PROBLEMS of hydrogen- 
fueled inter.nal combustion engines 
have been reviewed in the past few 
years (1,2)*. .As a consequence of 
interest and activities in hydrogen as 
a ca.ndidate alter.native fuel oeginning 
about 1970, the absence of a 
comprehens i ve engine design data-base 
became apparent. The 4-year project 
reflected in the present summary paper 
was established in 1976 to provide an 
initial contribution to such a data- 
base in order to provide technical 


guidance in possible future engine 
design involving hydrogen fuel. 

The project was carried out by the 
University of Miami's Department of 
Mechanical Engineering under Contract 
E(04-3)-1212 with the U.S. Department 
of Energy (DOE) . Hawthorne Research & 
Testing, Inc., conducted ..he 
experimental activities in the 
University’s facilities under 
subcontract. Escher: Foster Technology 
Associates, Inc. (E:F) technically 
monitored the project and assisted the 
project via supporting liaison (also 
under DOE contract) . 

Comprehensive documentation for 
the project is available in its annual 
and final reports (3-5). The basic 
objective was to determine engine 
performance and emissions 
characteristics, as well as to explore, 
and where feasible to investigate, the 
unique problems associated with 
hydrogen-fueled engines. These were 
known to be, speaking generally: low 

specific power and induction manifold 
backfiring (naturally aspirated), rough 
or abnormal combustion and high oxides 
of nitrogen (NO^) emissions at high 
loads, and complex interfacing with the 
fuel containment system (par t icalac iy 
metal hydrides). 

On the other hand, the project was 
to explore and to capitalize on the 
unique features of hydgrogen operation, 
e.g., very wide fuel/air operating 
range including the “ultralean” range, 
lack of hydrocarbon (KC) and carbon 
monoxide (CO) emissions and ability to 
operate at high compression ratios.** 

•Numbers in parentheses designate 
References at end of paper. 

**Not reported herein; a fixed 
compression ratio of 9.0:1 was used. 
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Althooigh the thrust of the 
project was directed toward the 
automotive powerplant field now served 
by gasoline and light-duty diesel 
engines, the results are also 
applicable to both smaller and higher- 
power engine designs. 

PROJECT TECHNICAL APPROACH 

BASIC CLASSES OF ENGINES 
CONSIDERED - Two basic classes of 
hydrogen-fueled piston engines are 


manifold or in the vicinity of the 
intake valve. The injection can be 
continuous or timed, the latter being 
used exclusively in this project. With 
the Pte-IVC engines, sparkplug ignition 
is used. In addition to using the 
conventional throttle to control charge 
density, Pre-IVC engines can be 
operated with the load being controlled 
by changing the fuel/air ratio. This 
method of operation, termed the 
unthrottled or quality-controlled mode 
of operation, is made possible by the 



• E«rlf C dotpi « • aiQn iKQKli <n|«ct>on *• tOp-CPni** 'niPCliOA 


considered: (1) engines in which 
hydrogen is; admitted into the cylinder 
prior to I^ntake Valve Closure 
(referred to as Pre-IVC engines) and 
(2) engines; in which hydrogen is 
admitted follwing intake valve closure 
(Post-IVC engines). Airbreathing 
operation and ambient-temperature 
gaseous hydrogen was employed 
throughout the project. 

Pte-I VC Engines - These engines 
are sProilar to conventional gasoline- 
fueled engines in that both hydrogen 
and air are introduced into the 
cylinder during the intake stroke. 

They can be introduced as a mixture, 
the mixture being formed by a 
carburetor-like device (a gas-mixer), 
or they can be indroduced separately, 
as in a fuel-injection gasoline 
engine, with the hydrogen being 
injected ( indue' ed) in the intake 


high flame speed of hydrogen over a 
wide range of fuel/air ratio. 

Pos t-IVC Engines - These engines 
are similar to compression-ignition 
engines, but some positive source of 
controlled combustion initiation is 
needed, such as a spark-plug (single or 
multiple spark discharge) or a glow 
plug. Gaseous hydrogen is injected 
directly into the cylinder, commencing 
during or near the end of the 
compression stroke and continuing on 
into the expansion stroke. Mechanical, 
electrical and hydraulic pulse-actuated 
hydrogen injectors have been used. 

ENGINE CONFIGURATIONS - Table 1 
delineates the 19 engines to be covered 
in this paper. The various test engine 
configurations are grouped first, as 
follow: (1) type of combustion chamber 
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design (open or pre-charabec ) , (2) 
method of mixture formation (direct 
injection Post IVC, gas-mixer Pre IVC, 
part admission Pre IVC) , (3) air-flow 
induction control (if any), and (4) 
use of additional mixture components 
(EGR, water, air injection). In 
dealing with the design basis for 
Engines 1 through 19, Table 1 is 
basically self - explanatory. 

However, it is helpful to further 
break down the Table by "natural 
groups" as follows: 

En gine Configurations Nos. 1-3 

- The first three engines are best 
described together as being quite 
equivalent to conventional throttled, 
carburetted gasoline engines. A 
single air -throttled central gas-mixer 
of the conventional "propane 
carburetor type" provided the hydrogen- 
air mixture to four-cylinder of the 
test engine via a stock intake 
manifold. Single, open, spark-ignited 
combustion chambers were operated at 
approximately stoichiometric 
conditions over the throttled- 
controlled load range, at commensurate 
levels of manifold vacuum (i.e., 
quantity control). 

Whereas Engine Configuration No.l 
is just as described, No. 2 adds 
Exhaust Gas Recirculation (EGR amounts 
to be specified) and No, 3 adds water 
induction. Eoc the latter, several 
admission techniques were explored 
with a simple single-orifice injector 
in each intake port continuously 
directing water into the valve pocket, 
intake manifold and/or combustion 
chamber bein <3 selected for the data 
runs. Typically, the average 
water hydrogen mass-flow ratio was 
about 5. The effect of varying this 
parameter is brought out in the 
Project reports (3-5). Water 
induction in hydrogen engines is a 
rather widely practiced means of both 
(1) ameliorating the intake manifold 
backfiring problem and (2) suppressing 
the production of NO^ • 

^ 2 _ine C onfiguration Nos. 4-6 

- In a sfmTTar sequence wTth regard to 
the inclusion of EGR and water 
induction, this series of test engine 
conf iguarat tons again used a 

single, central gas-mixer feeding four 
stock combustion chambers. However, 
air-throttling was not used, i.e., the 
throttled plate remained in the wide- 
open position. Load control was 
accomplished by varying the fuel/air 
mixture, often referred to as quality 
governing, quality control, etc. 


This mode of control is, of 
course, basically similar to that of a 
typical diesel engine in that, although 
fuel quantity varies, manifold vacuum 
does not for a given load and speed. 
However, for a conventional homogeneous 
fuel/air charge Otto-cycle engine, it 
is only feasible because of hydrogen's 
uniquely wide flammability limits, due 
in turn to its exceptionally high flame 
speed. (the order of 4-tiroes 
hydrocarbon fuels at stoichiometric 
conditions; see "Some Theoretical 
Considerations of Hydrogen as an 
Internal Combustion Engine Fuel," 
Appendix D (1) . ) 

In this project, engines thus 
operated in the unthrottled mode ranged 
in operation fuel/air equivalence ratio 
(PHI) from 1.0 (stoichiometric) down to 
as low as 0.20 ("ultralean"). But, as 
will be seen (Engine Configuration No. 
16), some air throttling at the extreme 
lean-end was found beneficial. 

Engine Configuration No. 4, analagous 
to No. 1, employed neither EGR nor 
water injection; No. 5 used EGR and No. 
6, water. 

En gi n e Configurations Nos. 7-9 
- This sequence 6? 4-cylinder engine 
types all used timed-port fuel 
induction, rather than the central gas- 
mixer approach employed in the 
previously described engines. An 
individual sleeve-valve arrangement for 
admitting flow-controlled hydrogen fuel 
was integrated with each intake valve. 
This fixed-geometry set-up beginning 45 
degrees after TDC and ending 135 
degrees after TDC in the intake stroke. 
Hydrogen flow was thereby started 
after, and terminated before the 
initiation and termination of air flow 
into the cylinder, respectively. 

Engine Configuraton No. 7, again 
analogous to previously described Nos. 

1 and 4, had neither EGR nor water 
induction. No. 8 had EGR and No. 9, 
water induction. All three (Nos. 7-9) 
were operated in the unthrottled mode 
like Nos. 4-6. 

Engi n e Configurat ion No. - No. 

10 employ^ a special unthrottled 
/throttled mode NOjj-control operating 
strategy. It was unthrottled in the 
low-load range up to a PHI where NO^ 
generation began its typical steep 
rise, on the order of 0.7 or 
thereabouts for the test engine series. 
At that ix>int, step-function air- 
throttling was initiated and fuel-flow 
commensurately increased to match the 
unthrottled load. Operation was then 
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suf f icientely rich (PHI was on the 
order of 1.2) such that NOjj emissions 
were again low. 

Thus Engine No. 10, labeled the 
"discontinuity engine" was so operated 
as to enable a step across the 
characteristic PHI vs NO^ peak from a 
given low level on the ascending slope 
to an equivalent level on the 
descending slope (going from lean to 
rich). As will be seen, there is a 
penalty in fuel economy (related here 
as Brake Thermal Efficiency) for this 
approach for achieving low NO,j 
operation without EGR or water. 

Engine Confi<^uration No. 11 

- This configuration tested the effect 
of ait injection into the intake 
manifold runners of a central gas- 
mixer 4-cylinder test engine operating 
in an unthrottled mode without EGR or 
water induction. (In effect. No. 4 
with the ait injection feature.) The 
objective here was to determine the 
contribution of forced-air induced 
mixture turbulence on backfire 
alleviation, if any. 

En^ in e Configuratio n No. 12-16 

- The final set of 5 engine 
configurations were alike in that they 
utilized a, single-cylinder version of 
the basic stock 4-cylinder design. 

The leading (front) cylinder remained 
active and the remaining pistons and 
valve operating-components were 
removed. The crank-shaft was equipped 
with compensating weights and an 
increased moment-of- inertia flywheel 
replaced the stock item. Testing was 
at a constant (rpm i.e., the 1800 rpm 
condition reported on in this paper). 

These configurations each used a 
single, smaller gas-mixer mounted 
close-coupled to Che intake port. 

(The previously used central gas-mixei 
with the unused 3 cylinders' intakes 
blanked-off was initially tested as 
well.) In an actual multi-cylinder 
engine, based on the selected 
conf iguration , each individual cylinder 
would be fueled and controlled by its 
own close-mounted gas-mixer. 

Engine Configurations No. 12-15 
were opercited unthrottled (quality 
governed), differing only in 
combustion chamber design. No. 12 
used the stock open-chamber 
hemispherical aesign; Nos. 13, 14 and 
15 used pre-chamber designs of varying 
geometry as supplied by the engine 
manufacturer (R & D hardware). The 
pre-chamber geometries varied as 
follows: 



Portion 



of 

Pre-Cheunber 

Eng. 

Total 

Volume-to-Or if ice 

Conf ig. 

Clearance 

Area 

No. 

Volume 

Ratio 

~~n — 

15% 

10:1 

14 

15% 

6.5:1 

15 

9% 

6.5:1 

Eng 

ine Configuration No. 16 - used 

the open 

chamber 

and principally 


unthrottled operation. At light-load 
conditions, air-throttling was 
initiated to improve thermal 
efficiency. 

Engine Configuration No. 17 - used 
an open chamber and unthrottled 
operation. Hydrogen was injected 
during the compression stroke and 
ignited by a multiple spark ignition 
system. Four different injection 
timings and lifts were investigated. 

Engine Configuration No. 18 - was 
identical to Configuration No. 17 
except at light-load conditions, air 
throttling was initiated to improve 
thermal efficiency. 

Engine Configuration No. 19 
- employed direct infection of the 
hydrogen into the combustion chamber 
near top dead center. IgnitiOn was 
accomplished with a platinum wire glow 
plug. 

PREPARATION OF DATA 

In an effort to present the 
considerable amount of data in a 
compact form the following methods for 
comparison were used. An attempt was 
made to make comparisons at engine 
speeds and loads typical of the EPA 
city (CVS) driving cycle. 

PEAK POWER - Comparisons of power 
output were made at 1800 r.p.m. The 
comparable gasoline fueled engine with 
EGR and sto ichoimetr ic air-fuel ratio 
was assumed to produce 113 bmep. 

FUEL CONSUMPTION - Comparisons of 
fuel consumption were made on a BTU per 
mile basis. Three mini mapping points 
characteristic of the speeds and loads 
encounted over the city driving cycle 
were chosen at the suggestion of Carl 
Kukkonen of Ford Motor Company. They 
were 1000 r.p.m. at 15 psi. broep for 
.49 Hp-Hr, 1250 r.p.m. at 37 psi. bmep 
for 1.35 Hp-Hr, and 1700 r.p.m. at 75 
psi. braep for 1.16 Hp-Hr. The three 
points were wighted by their respective 
number of horsepower-hours. The entire 
7.5 mile course required the equivalent 
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of 3 horse power-hours to navigate. 

EMISSIONS - Coiaparisons of 
emissions (NOj{) were made on a grams 
per mile basis. The same three data 
points as were used to make fuel 
consumption calculations were used for 
oxides of nitrogen. The base line 
gasoline engine was assumed to produce 
.48 grams per mile oxides of nitrogen. 

PRESENTATION OF DATA 

Table 2 shows the results of the 
aforementioned comparisons. Peak 
power is presented as a percentage of 
the gasoline fueled engine value. 

Fuel consumption is presented as a 
percentage of the gasoline fueled 
engine (greater than 100%, indicating 
poorer fuel economy). Total oxides of 
nitrogen are presented as a percentage 
of the gasoline fueled engine (greater 
than 100% indicating higher emisc^on 
levels) . 

SUMMARY OF TECHNICAL RESULTS 

PERFOMANCE AND DESIGN 

Pre I VC Engines - (1) unburned 
hydrogen was found in the exhaust 
during normal operation. During 
richer operation (0.8 < PHI < 1.2), 
the unburned hydrogen in the exhaust 
can be accounted for by dissociation 
and a slow down of oxidation reactions 


during the expansion stroke. During 
operation at 0.4 < PHI <0.8, the 
unburned hydrogen may be accounted for 
by; (1) wall quenching of the flame; 

(2) preferential flow of hydrogen 
during blowby; (3) small-scale 
nonhomogeneity in the combustion 
chamber. During operation at 0.2 < PHI ‘ 
0.4, it can be accounted for by bulk 
quenching . 

(2) Consistent with the results of 
others, the unthrottled engine, vis-a- 
vis the throttled engine, exhibited 
higher brake thermal efficiency, except 
at light loads where some throttling is 
beneficial. 

(3) Peak power output calculations 
show that the potential, nonflashback- 
limited power output of Pre IVC engines 
can be larger than had been previously 
reported if advantage is taken of the 
properties of hydrogen as a fuel. Test 
results with Engine 12 where a peak 
power bmep of 100 psi was found 
compared to the 115 psi value 
attainable with a gasoline engine 
supports the results suggested by these 
calculations. 

(4) Except for Engine 
Configuration No. 7, 10, 12 and 16, 
under ideal conditions (i.e., with 
limited deposits in the combustion 
chamber), power was limited by 
flashback for all engine configurations 
tested without EGR and water injection. 
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The use of EGR and water injection, 
however, allowed for wide-open 
throttled operation at near peak-power 
PHI (for the levels of EGR and water 
injection used) . 

(5) Comparison of the results of 
the present study with those performed 
by the authors in the past indicates 
that charge stratification can 
increase or reduce the lean limit of 
operation for the unthrottled engine. 

(6) Proper carburetor (gas-mixer) 
selection can reduce cylinder-to- 
cylinder variation in fuel-air ratio 
with subsequent improvement in 

per form<»nce . 

(7) i For residence times in normal 
operating engines, the diffusion rate 
of hydrogen is not sufficiently high 
to make homogeneous mixtures from 
initially heterogeneous mixtures. 

(8) Two independent methods were 
used to generate indicated quantities 
from brake measurement; (a) 
performance map method; (b) 
Bishop/Taylor method. The methods 
gave results consistent with each 
other when applied to the present- 
study data. The Bishop/Taylor method 
was used to make the comparison of the 
present-study data with those of 
others, and good agreement was found, 
eliminating much of the apparent 
conflict of results as reported by 
others . 

(9) The lithium-filled exhaust 
valves did not attain their 
performance potential, a result 
recently found by industry. 

(lb) By choosing the proper 
displacement, it should be possible to 
design an unthrottled Pre IVC hydrogen 
engine with some throttling at light 
loads that can operate over a driving 
cycle with performance and energy 
conversion efficiency (BTU/mile) equal 
to that of a gasoline-fueled engine 
and emission levels below the 0.4 
gm/mi level. 

(11) The BTE of the dual-chamber 
Pre IVC engine is about the same as 
that of the single-chamber design at 
light loads. At high loads, as a 
result of heat loss, the dual-chamber 
engine yields a lower BTE. 

Post IV C Engines - ( 1 ) The Bl 
for the Post IVC engines is not as 
strong a function of PHI as was found 
with the Pre IVC engines; the BTE for 
the Post engines was found to be more 
a function of injector valve design, 
lift and fuel pressure. 

(2) The Post IVC engine could be 
throttled at light loads to increase 
the BTE there. This increase is 


suspected of being due to better fuel 
penetration and mixing at the throttled 
condition. 

(3) The peak power output for Post 
IVC Engines 17 and 18 was higher than 
that of the corrersponding gasoline 
engine. However, it was necessary to 
operate these engines with an 
unacceptably-low coolant temperature. 
Engine 19 yielded approximately the 
same peak power output as the 
corresponding gasoline engine with 
normal coolant temperature. It is 
suspected that the burn-after-injection 
Post IVC engine can be made to operate 
with even higher peak power if the fuel 
injector design can be optimized. 

FLASHBACK - (1) Hot spot- induced 
flashback was found to be predictable 
and therefore, subject to 
characterization. There is a period 
preceding hot spot-induced flashback 
(Period PHIF) during which the charge 
is ignited by the hot spot at 
progressively earlier crank angles 
until it occurs prior to closing of the 
intake valve, resulting in flashback. 
During the Period PHIF, NO^ emissions 
rise very rapidly and the RPM drops. 

(2) Decreased valve overlap was 
not found to decrease flashback 
tendencies negating the hypothesis that 
flashback was being caused by 
communication of the fresh charge with 
still-burning exhaust gases during the 
valve overlap period, when employing 
common valve overlaps. 

(3) Lean mixture operation can 
cause flashback, raising the lower 
engine speed limit of the carburetted 
(uniform-charge) unthrottled engine. 

(4) Evidence was found to 
substantiate the hypothesis that oil in 
the residual gas can cause flashback. 

(5) Partial ignition failure 
(misfire, flame initiation failure) 
does not result in flashback. 

(6) Hydrogen/air induction methods 
influence, somewhat, flashback limits. 

(7) Flashback-free operation does 
not seem possible without EGR or water 
injection with stock water- jacketed 
cylinder heads operating at ^tock water 
temperature unless extreme care is 
taken to continuously clean the 
combustion chamber. Changes in 
cylinder head coolant passage design, 
however, can definitely improve this 
situation. 

(8) Prop*.:' cylinder head coolant 
passageway des.gn is a necessity for 
flashback-free operation. 
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(9) Throttling of the homogeneous- 
charge Pre IVC engine with the 
concomitant mixture enrichment helps 
to eliminate flashback at light loads. 

OXIDES OF NITROGEN EMISSIONS 

Pre IVC Engines - (1) Consistent 
with the results of~ others, NOjj 
emissions wetre found to be; a strong 
function of PHI. 

(2) The use of EGR while 
maintaining constant load , constant 
engine speed and BESA did not affect 
NOjj emissions for the unthrottled 
engine as a -.esult of reduced air flow 
with increasing EGR rates. 

(3) The use of EGR while 
maintaning constant load, contant 
engine speed and BESA resulted in a 
decrease in NOj^ emissions for the 
throttled engine operated at constant 
PHI = 1.0. 

(4) The use of water injection 
while maintciining constant load, 
constant engine speed and BESA was 
found to decrease the initially low 

^°x emission level at low PHI. 

(5) The use of water injection 
while maintaning constant load, 
constant engine speed and BESA was 
found to decrease the NO^ emission 
level of the throttled engine operated 
at PHI = 1.0. 

(6) For the same diluent heat 
capacity flowrate, EGR and water 
injection were found to decrease NO^ 
emissions by a similar amount. 

(7) For practical operating 
conditions, a given volume of air has 
essentially the same effectiveness in 
reducing NOj, emissions as an equal 
volume of exhaust gas. 

(81 An unthrottled engine 
designed to give good performance over 
a driving cycle (Federal Register Vol. 
35, No. 136) gives off NO^ emissions 
well below 0.4 g/mi without using EGR 
or water iniection. 

(9) NO-i, possibly a worse 
pollutant than NO, is found to be the 
major oxide of nitrogen emitted over a 
driving cycle (Federal Register Vol. 

35, No. 136) . 

{10.1 NO^ emissions at nigh loads 
can be reduced using the discontinuity 
mode of operation with a loss in 
thermal efficiency. 

(11) Compared to gasoline-fueled 
operation, humidity has a negligible 
effect on NOjj emissions. 

(12) Throttling Engine 16 at 
light loads increased both the BTE and 
NOjj concentration (ppm) but resulted 
in a decrease in brake specific NOjj 
(gtn/hD hr) emissions. 


(13) All of the prechamber Pre IVC 
engines produced less NOjj emissions 
than the single-chamber ones. 

Post IVC Engines - (1) The NO^ 
versus PHI curve emissions for Engine 
17 had the same apperance as the Pre 
IVC engine curves. Throttling the 
engine at light load (PHI = 0.65) to 
increase the BTE there, was done with 
Engine 18, caused the NO^ emissions to 
increase. Less throttling, of course, 
could be used which would still cause 
an increase in BTE with a smaller 
increase in NOy emission. 

(2) Engine 19 yielded very low NOjj 
emissions high loads and high NOj{ 
emissions at low loads. Instead, the 
emission level was found to be a strong 
function of injector lift and injection 
pressure. Changing the lift resulted 
in the NOjj emission level changing by a 
factor of up to three. 

OTHER CONSIDERATIONS - (1) FID HC 
were found to be a function of manifold 
vacuum (VCF) with increasing levels at 
higher vacuum. 

(2) The previously-used KMn 04 
titration method of measuring H 2 O 2 
emissions was found to give erroneous 
results due to interference with NO. 

The phenol-ferrous sulfate solution 
method was subsequently employed for 
the present study. 

(3) H 2 O 2 emissions were found to 
increase with decreasing PHI. There 
was good correlation between the drop- 
off in the Hydrogen Utilization 
Coefficient and the rise in H 2 O 2 
emissions during lean-mixture 
operation. NOMENCLATURE 


In this section, symbols and 
teminology used in the paper's text, 
tables and figure are defined. 

Excluded is additional nomenclature 
used in the project reports (3-5) but 
not in this paper. (The .more extensive 
nomenclature is presented in the 
reports. ) 


Symbol 
BESA' (®) 

3MEP (kPa) 

BSNOj, (g/kWh) 

BTE ( % ) 

EGR 

Backfire 


Me aning 

Best Efficiency Spark 
Advance (before top dead 
center, BTDC) 

Brake Mean Effective 
Pressure 

Brake Specific Oxides of 
Nitrogen (NOj{) Emissions 
Brake Thermal Efficieny 
Exhaust Gas 
Recirculation 
Combustion of the 
hydrogen-air mixture in 
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Equivalence 
Ratio PHI 


Throttle<3 

Operation 


UnthrottleO 

Operation 


the induction system. 
Backfiring or flashback 
in the induction system 
occurs when the 
hydrogen-air fresh 
charge ignities 
prematurely prior to 
the closing of the 
intake valve. The 
flame thus generated 
propagates through the 
fuel-air induction 
system producing a 
report of varying 
severity. 

Fuel/air equivalence 
ratio is the actual 
fuel/air ratio divided 
by the stoichiometric 
ratio, i .e . , values 
less than one represent 
fuel-lean operating 
conditions. 

Operation during which 
the load is changed by 
varying the density of 
the fresh charge with a 
convention. throttle 
plate producing varying 
levels of intake 
manifold vacuum. 
Operation during which 
the throttle plate is 
left in the wide-open 
position (or is 
eliminated) and the 
load is controlled by 
changing the flowrate 
of hydrogen. The 
result is power-level 
control through varying 
PHI. The total volume 
flowrate of fresh 
charge is essentially 
constant for a fixed 
speed . 
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QUESTION AND ANSWER PERIOD 


Q: At what minimuni equivalence ratio could the 

engine run? 

A: The minimum equivalence ratio run was 

approximately 20% of stoichiometric down to 
an equivalence ratio of .18. At that 
point, bulk quenching occurred in the 
combustion chamber and half the hydrogen 
was passing through the engine in the 
unburned state. That was for a homogenous 
charge engine. For a stratified charge 
engine, we could go down to an equivalence 
ratio of .1. But in that case we had a 
locally rich mixture. 

Q: Would you be more specific on the fact that 

in the case of pre-IVC engines you had an 
increase in efficiency for lower 
equivalence ratios and for post- 1 VC engines 
you had the opposite? 

A; The trends were not opposite for pre-IVC 
and post-IVC operation. Perhaps there has 
been a misunderstanding here. But in 
general, as you increased air fuel ratio, 
you got an increase in thermo efficiency up 
to a maximum of about 80-85% oi 
stoichionwtric and then it began to flatten 
out and eventually taper off thereafter. 

I'm not too sure: of what you're referring 
to. 

Q: I think you said that there were two 

opposite trends, but . . . 

A; In terms of NOx? 

0: No, in terms of efficiency, 

A; i certainly didn't mean to say that. 

Q: Well okay. How did you control and how did 

you measure the equivalence ratio? 

A; The equivalence ratio was measured by 

measurirg the flow rate of the liydrogen and 
the flow rate of the air that entered the 
e ng i ne . 

C; So you had two flow meters? 

A: Two flow meters. The air flow meter was 

changed back and forth. 'We had two 
separate air flow meters and they changed 
back and forth and both gave us tlie same 
•readings. TTie hydrogen flow i:ieters were 
rotometers and a turbine meter for the case 
of the high pressure injection. They were 
calibrated by a group in Denver, Colorado 
on hydrogen. 

0 You are absolutely sure that you -an the 
engine at an equivalence ratio of .18? 


A: Equivalence ratio of .18. 

0: .18? 

A: Yes, yes, absolutely. It's consistent with 
the oxygen concentration in the exhaust and 
the amount of hydrogen measured when we 
used the mass spec to determine if in fact 
there was hydrogen in the exhaust. 

Q: Sounds strange to me but that's what you 

measured. 

A: Yes, and it's not at all unusual for 

hydrogen engines to run that lean. 

0: .18? 

A: Yes .18 to 2.0. 

Q: Dave Renfrew from GMI Engineering 

Management Institute. 1 was curious as to 
what the spark timing was when you were 
running the engine? 

A: It depended. Of course spark advance is a 

strong function of air fuel ratio. For a 
pre-IVC engine running with an equivalence 
ratio about 20% of stoichiometric, about 
about 94 degrees of spark advance was 
required. The spark advance went to about 
4-5 degrees after top dead center ignition 
at mixtures slightly rich. So it was as I 
said, a very strong function of air fuel 
ratio. 

Q; 0k«(y, those are the things we were getting 
at ail. Also, could you explain again why 
the late injection produces NO^ In the 
light loading condition? 

A: At this point I'd have to take a few 

guesses. Basically, you're burning a jet 
of hydrogen in the combustion chamber. You 
have already compressed all the gases and 
you have a spray of hydrogen that passes 
through about 3/4“ of air and then impinges 
upon the glow plug. Now the flame speed of 
hydrogen continues to increase at 
equivalence ratios greater than one on up 
to 30-40% rich. So if the jet ignites, it 
is very likely that the flame will 
propagate up tJie jet to a relatively rich 
region. Once it begins to propagate up the 
jet. it will go well past the 
stoichiMetric region because the flame 
speed is continuing to increase. So you 
can sort of envision a jet of hydrogen 
burning close enough to its soutxre to where 
it's a very rich mixture. This can be 
compared to the flame in a pre-IVC engine 
in which the first burned portion of the 
charge creates the highest concentrations 
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of NOx- In the case of the post-IVC 
engine, the first burned portion of the 
charge is blown into air only and quenched 
and this portion is now brought to a low 
enough temperature that it shouldn't be 
producing large concentrations of NOx- 
It would appear that there are two possible 
reasons why the NOx at full load is so 
very low. One, at the flame front itself, 
we are burning a richer mixture than would 
normally be burned with another type of 
operation because the flame speed continues 
to increase at the very, very rich mixture 
hydrogen. Secondly, the first burned 
charge is then blown by the hydrogen behind 
it out into a portion of the combustion 
chamber where i ts temperature wi 1 1 drop and 
not produce as much NOx it would were 
it left at a higher temperature. 

Q: Bill Escher, EF Technology. Mike, first 

just a clarification on your bar chart 
presentation with all those good colors; 
the blue really was not BTE relative to 
gasoline, but the fuel energy used for the 
cycle. Is that right? 

A: Right, exactly. 

Q; So lower then is good? I got confused 
myself on that one. 

A; Yes. Loveer is good in that case. That is 
the relative amount of BTU it takes to 
drive around a cycle. I'm sorry for the 
confusion. I realize now that that's 
easily confused. 

Q: On the NOy side of life the gasoline 

. . . your reference against the hydrogen 
was a good one. Now the thing that might 
be rai si ng a few eyebrows here on the 
post-IVC engines is this business of 1,000 
psi hydrogen and where one night get that 
on a car or vehicle. It might be worth 
pointing out that the approach the Japanese 
and Germans are locking at is to use liquid 
hydrogen in the very small low power pump 
to almost in-diesel like fashion to develop 
those higli pressures at low energy 
expense. The Japanese, for example, harve 
operated a demonstration car. Hike, as you 
well know, with that system using 


engine mwber 19 in effect. I'd like to 
make the last point and I'm asking you for 
a response. It may be viewed that those 19 
engines, in effect, were proposed engines 
to be taken on out into some use 
application. But wouldn't you rather put 
it that this is a system of sort of matrix 
of data gathering for a later engine 
designer to now pick and choose what 
combination of things he might like to 
use? Is that a good interpretation? 

A: Yes. One point in particular I might make, 

because it wasn't covered in the slides, is 
that while we were trying to run engine 
number 19 we started out with a very small 
glow plug. It's the same glow plug that 
you find in aircraft engines. The small 
model airplane engines. It's screwed in 
the bottom of a fitting and screwed in the 
regular spark plug hole and we could then, 
by putting current across the plug, make it 
glow. Ue »<ere completely unable to get any 
response from the injected hydrogen in 
terms of oxidation. So we hooked the 
carburetor back up and we found that you 
could run virtually stoichiometric hydrogen 
through the engine with the glow plug 
glowing and not have any preignition take 
place. But should the temperature of the 
glow plug become high enough to produce the 
first sign of preignition, then the engine 
would rattle and bounce for a number of 
crankcase rotations until we eventually 
reduced the supply of hydrogen. It 
occurred to me at the time that there are 
two things that are causing preignition in 
ttie hydrogen engine. You must supply a hot 
spot, and we had gone to a lot of work to 
reduce this hot spot enough to where we 
could get 100 BMEP out of the engine. But 
additionally, you need the leftover 
radicals from the previous cycle. They can 
exist as we have seen in quite high 
concentrations. In the case of lean 
operation, we had 1,000 PPM hydrogen 
peroxide. So this would mean there are two 
ways to approach the problem of reducing 
preignition. One way would be to alleviate 
all the hot spots. The second way would be 
to provide some method of superior 
scavenging of the combustion chamber to get 
the residuals left over from the previous 
cycle out of the cenbustion chamber. 


3S8 



Gaseous Fuel Safety Assessment 

Status Report 

M. C. Knipica, F. J. Edeskuty, 
J. R. Banlit, and K. D. Williamson, Jr. 

Los Alamos National Laboratory 
Los Alamos. NM 


ABSTi^ACT 

The uos Alamos National Laboratory, in 
Support or stuuies sponsorea by the urtice ot 
Vehicle ana Engine li and D in the US Department 
of Energy, has undertaken a safety assessment 
of selected gaseous fuels for use in light-duty 
automotive transportat ion vehicles. The 
purpose IS to put into perspective the hazards 
of these fuels relative to present day fuels 
and delineate criteria for their safe handling. 
Fjels include compressed and liquefied natural 
gas (uND and lNG), liquefied petroleum gas 
(..PG), and ror reference, gasoline and diesel. 
This paper is a program status report. To 
date, p.hysicocneniical property data and general 
petroleum ana transportat ion infonnation were 
compiled; basic nazaros defined; alternative 
’■.uels were safety-ranked based on technical 
properties alone; safety data and vehicle 
accident statistics reviewed; and accident 
scenarios selected for further analysis, 
■•■ethcdoiogy fur sucn analysis is presently 
,.’ider cons 1 derat ion . 


'r-E uSl of alternative automotive fuels other 
than those derived primarily from petroleum 
nere considered for many years and in fact were 
aseu in relatively minor quantities. More 
■■-■cert'y a re<inoling of interest m the 
..tilizatich or these fuels nas emerged. The 
'"'petus for this is derived from a variety of 
'■easoiis me lading; 

0 a mandate to reduce exhaust pollution 

0 escalating fuel costs 

0 concern over potential petroleum 
Supply reduction 

0 a desire for self-sufficiency t import 
reduc 1 1 on I 

o potential technical advantages. 

’■'le alternative fuels under consideration 
are by no means new energy sources. However, 


because their use in the automotive 

transportation sector is limited, an extensive 
commercial infrastructure such as exists for 
petroleum and its refined products has not been 
developed. 

The expected increased usage of these 
fuels for routine automotive transportation has 
also elicited an increase in concern over their 
relative safety, m degree of risk is always 

associated with tne use of energy sources. 
Acceptance of large scale usage of new energy 
sources and technologies by both government and 
the public-at-large can be expedited if it can 
be demonstrated througn adequate assessment, 
safety testing, and operational experience that 
the intrinsic risk is either equivalent to or 
less than that associated with the energy 
source presently used. Liquid petroleum 
proQuets such as gasoline and naphtha are 
flanmable, in selected situations explosive, 
yet are safe and acceptable when handled 
properly. 

The United States Department of Energy 
lOOEj has alreauy estaolisnec an Alternative 
Fuels Utilization Program (AFUPJ. To imple- 
ment selecteo facets of tne Methane 
Transportation Research, Development, and 
Demonstration Act ot 1980, P. l. 96-512, some 
funding from AfUP was diverted and a Gaseous 
Fuel program with primary emphasis on methane 
; natural gas) was developed. Tne program is 
managed by the Office or Venicle and Engine R 
and 0 (VERO). In support of VERO. the Los 
Alamos National Laboratory is undertaking a 
safety assessment of selecteo gaseous fuels for 
use in light-duty automotive transportation 
venic les. 

Tne purpose ot the assessment is to put 
into perspective the relative hazards ot these 
fuels compared to gasoline and diesel fuels and 
to delineate criteria for their sate handling 
in the transportation sector. 

This paper represents a status report. 
Co«H)leted efforts are described herein but 
significant analysis remains to be accomplished. 
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TRANSPORTATION StCTOR 

In 1980, the transportat ion sector ccnsumeo 
approximately 50% or the total ^5 petroleum 
use. Of this cuantity, approx imate ly SO* <»as 


used for highway motor fuels .ij.* Motor fuel 
consumption amounted to about 1.,; x !0' ' 


and 


consumpti 

gallons tgal) \gasoline, oiesel 
Gasoline alone accounted for about i.O * 10' 

gal ;2]. lPG sold for internal compiiStion 
engine use amounted to aoout 5.o x gal 

although not all was used for Tiooiie transporta- 
tion purposes (3). On-nighway t'-ansport at ion 
use of distillate fuel oil lOiesei, amounted to 
about 1.4 X 10‘G gal (j). Tne Ouantity of 
natural gas used as a motor fuel was very minor 
relative to t., 'se auantiUes.** 

Of the l.v X 10 ' ,jal of motor fuel 
consumed, about S.o x 10'^ gal were uSeo oy 

:les and motorcycles. 


personal passenger venicl 
aoout 4.0 X 10**^ gai were 


gross vehicle weight igvw) ctassesj and approx- 
imately 0.1 X 10 'G gai ouses J , . m jis- 
cussion of resource availability and tne impact 


'ne properties or natural gas and methane 
are considered to be edui valent ■ n in is ••epont. 
Metnane is tne primany constituent it 'he natu- 
•-ai gases useo as ‘uels sUncugn tne,. may 
contain small guantities of otnen nyorojcaroons. 
Impurities SuCn as moisture and a ^ma 1 , jmount 
or Sulfur are aiSu present. arl^, tne 

properties of cPG and propane are .;ns'ue''ed to 
be eQuiva.enl. for the autod'Oti.e *^e'. aPP.',- 

ation, a special trade under tight -i'M spec i - 
'‘ications, nu-j, •; uSed. ' s trace l.'.ta'.'t 
propane 'n excess ;* 90%. 

.OCX . . r . . _1* 

.h any comparat ■ Saf-t,. aiij.^s : 
assessment, u is necessary tu ter -c w t'v 
■•eascndoie 'Htts t^e bOuiioar, • ■■ 

tne given system, 'ne ;nci,r ' ^a'^metr--- 
critical. for tne: a t ern at ' . t: ' .r i .-'C- 

I'west 1 gat ' ui', trcir -.icarcs ,,.u : - ' _u : • . 
tne nsx ;f jsmg tne spec'-c 'uc' a-- te-' ' - 

*'t:0 ;> ''--iz ■i'> . ' ’'■'z ^ -'J x:--; 


upon fuel production is 

given 

? iemioc i 5 ; . 

V 

* 1 re 

A total of about 

1.6 A ^en 1 C i es «ere 

j 

•jer . dqrar I 'n- jetc'-' a: ' . 

registered in 1980 ;6 

T n 1 s 

number can oe 

3 

jryoqen ic Jamage 

subdivided as follows: 



' 

pnys 1 a ] og 1 C i ■ :afi agr 

0 passenger .’enM 

: ies 

• - ' j'“ 

yl 

- * >r», -r Ja-. ' 

c trucxs 


J . D ' ■ 

Jr* in; 

1 . -:r *- , ; :r' r'-^‘ - 

0 Puses 


6.D A 

1 1 ^ n s 

or ;cnena 1 • J-J or ;per: : 

0 motorcycles 


5.3 A 

:ne na^dre. ''■•■s s.,: 




oasis 

anO is Oe^' -eo 

Lignt trucks 10,000 

lb gvw) 

represent about 

nalr 1 X 

:‘T f ^noame* "’. 3 5 J . 

o5* ot tne trucx f leec. 



:ics. 

r.e .attrr •' ’ ''rcyr 

The use of diesel 

fuel in 

passenger veni- 

«arO t 

ecnnicai .:at r.c ' - eo 

cles has increased recently 

ano ’ in '93C, 

Sc'ectec *. 


diesel-powereo passenger venicles representec 
aooui 4.4% ot new venide regi ^^rat )ons. 


Approximately i.b x 10' 


ven 1 


.56 lec teo 




ii’ aras 


were traveled in the o5 in 1980 ;6j. 

A orief discussion ot me number ■ r .eri- 
cles, injuries, and 'atalities ■nvoiveo 
vehicular dcciuents will Pe presented at-r. 

PHYSICOCHEMICAL PROPERTY DATA 

The comparative safety assessment of tne 
alternative automotive fuels consioereo herein 
relies heavily upon the fundamental Physico- 
Chemical properties or tne fuels. Se'ecteu 
property data tor these fuels were compiled ano 
are snown in Table !.*** 


♦Numbers in parentheses designate '-ererences at 
end of paper. 

♦•Total mileage accumulateo .py natural gas- 
powered vehicles is assumed to oe about C.l x 
10® miles over the years 1970-1981. using 
conversion factors qf 15 miles per gallon ano 
an average li?5 ft^ per gallon or^ gasoline 
equivalency, about 17.5 x 10® ft-’ of gas 
were used over this time period. 

••♦Additional property data will appear in the 
final report to be published at a later date. 
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Taoie 1 


beiecteJ Piysicocnemica I Properties of Automotive Fuels 
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The greater buoyancy of natural gas 
(versus gasoline, diesel, and LPG) becomes 
advantageous in unconfined areas by permitting 
rapid dispersion and dilution. Confinement, on 
the other hand, can reverse the assessment 
since a fire and possible detonation hazard is 
produced quickly. Hence the importance of 

defining boundary conditions for a given 

application or scenario. 

SAFETY RANKING OF FUELS 

A preliminary comparative safety ranking 
was accomplished based upon consideration of 
the absolute technical properties of each 
fuel. Each property is considered and the 
fuel ranked accordingly. Effects of property 
interactions and other boundary conditions are 
not considered here. Rankings are essen- 
tially qualitative. It is recognized that the 
methodology is relatively simple and that 
realistically the final assessment must 
ultimately take other factors into account. It 
does demonstrate however, that 

0 certain properties contribute more to 
hazard generation than others 
0 certain properties are neutral, i.e., 
fuel rankings are equivalent 
□ certain properties reverse the rankings 
generated oy ethers 

0 safety ranking becomes a more complex 
problem 

Conparative safety rankings are shown for a 
selected number of properties in Table 3. 

SECONDARY HAZARD CRITERIA - Fuels may also 
be ranxed according to seconoary or sublevel 
hazard designations noted in Table ?. This was 
done in part oy Bowen for nine 
fuels including methane, gasoline, and diesel 
I, B ) . fanKings were made on the basis or 1-9, 
the largest number indicating the greatest 
hazard. Our analysis nas produced similar 
results with lRG included. Selected results ot 
jur a.na lysis on the basis of i-u, tne larger 
number indicating tne greater hazard, are 
presented in Table a ^see footnote 'n 'able T.. 

once again, it is apparent that safety 
■■dnxing or tms type will yield various •'esuits 
altnougn there is a trend to classify -N6 and 
as more hazardous maieri.als. 'nese 
•-aiuings also suggest jiesei fuei to ;;e tne 
safest. Tuxicity or emission data .not snown; 
■’lay however change the above. It snould be 

empnasized again tnat •‘anxinqs are based solely 
upon technical data. ' Stringent boundary 
conditions, appl icat iens, scenarios, and 
abateinent str-ategies are not mvol.-eo. 

"ne ranKing inetnodology so ’jr detailed 
yields some idea of tne relative nazarcs of 
these 'uels, but only m a most general sense. 
In basic agrewnent with the general conclusions 
.of fiord, a relative safety analysis of 
alternative fuels will now require tne 

generation of specific accident or application 
scenarios ,7 . 


SAFETY DATA, TESTING, AND uPEkATIONAL REVIE'w 

General motor vehicle accident data as 
well as those applicable to LPG-, CNG-, and 
LNG-powered vehicles have been compiled and 
reviewea. 

GENERAL MOTOR VEHICLE ACCIDENT DATA - Some 
pertinent motor vehicle data are presented. 
These data were obtained from several sources 
(2,6,10). It can be assumed that the great 
majority of vehicles involved were gasoline- 
powered plus a small percentage under diesel 
power. 

In 1980, motor venicle accidents resulted 
in 51,077 fatalities and approximately 2.0 x 
10° nonfatal injuries of all types. The 
fatality rate per 1 x 10® vehicle miles was 
3.38, per 10® registered vehicles 0.3, a.nc 
per 10^ licensed drivers, 3.5. Vehicles 
involved in fatal accidents numbered 63,477 of 
which fire was reported in 1,720 or 2.1%.* we 
do not to date have details on fuel type or 
whether explosions occurreo. Fire involvement 
data in all types of accidents can only be 
estimated. Some old data suggest that fires 
occur in approximately 0.1% of all accidents 
(II). This translates to approximately 12,000 
vehicles. Passenger vehicles and light trucks 
were the major venicle types involved in acci- 
dents, 80%. Approximately 12 x 10° vehicles 
ot all types were involved in accidents. 

Head-on and various angular collision 
accidents representea the two most prominent 
multivehicle fatal accident scenarios, eacn 
causing approximately 40% of the accidents, 
(near end collisions accounted for approxi- 
mately 30%. ) Over 60% of fatal accidents 
involved a single venicle. The majority or 
fatal accidents occu-red on rural roads, 
approximately 55%. 

fi.nally, the fiSs of death occurring in a 
passenger motor venicle accident was estimated 
at 'i-Jb per IJ^ persons Per year averaged 
Over years;. 

MOTpR -'vul-EM ..i,T- - Statis- 

tics applicable to ..P'o-powerco vemcles are 
mere puricult tc acquire ano subsequent ly 
assess. -<ltnojcn so'fie '''Sx .issessinenr < are 
available f'jr large .o'ume ..sage of _PG ,, marine 
snipping and termina,s, storage, r>i. .no 
tanxer irucx snipcents. Sven assessments lid.. 

n..,!t be ipC- . ' 1 aC r *. ’0’,'-'.;. ''V t , r *.• ; 

ittnougn selected -.rf’etits uno viiarac t er i st ‘ > 
of targe scuie accidents *.ay be perti”e*it. 
These large scale aco'oent data anq those data 
O'Pncerned *itn :..rSi.mer products .sto.es, 

campers, etc.) .are ’lot given nere. 

Ford ■•'Olor coenpany personnel estimate tnat 
there are approx imat el,. .oC.-'ot .-M-POwered 
.ehicles on tne vO ngnwa.s 1' . ,uine vider 
studies on tne vse :f >RG us an erig’ne fuei 
covering a oU-year penoo 'istee i? accidents, 
,6 injured, and two fatalities. Xnotner 


*t unnunicdt ion with Vationai I’gnwdy 
safety wuministrat icn .August 190v . 


362 



Table 3 


Safety Ranking of Fuels-Seiected Properties 


F 1 awnabi 1 i ty Range 
ignit ion Energy 

Autoignition Temperature 

Diffusion Coefficient 
energy Content-Volume 
Energy Content-Mass 
rieal Release Kate 


Ranking Order* 

> tmore hazardous than) 

NG> LP6 >G > 0 
Equiva lent 
G NG 
0 LPG 

NG . 6 or G • NG** 

0 ' G > NG > LPG 
Equivalent 
0 :• G L PG NG 


'*TiG, nTtural gas (rr.etnane); LPG, liquefied petroleum gas ipropane); G, gasoluie; 0, oiesel. 
**Liependent upon confinement. 


Tab ie 1 


Relative oafety Ranking of Fuels based Opon beconoary Hazara Criteria* 


^eak aqe f 1 ammapi 1 ity 

L G ^ J 

^ Nb * : 

oasOiir^e 


Kadiation 

Vo! at 1 1 i ly 
(Spill) 

Dispersion 
, Unconf i nec i 

1 

i 


3 


.:~-t 

- 


‘ 

4 


^Tnir iSSigrme’.t of "urDers •-an^ fuels under a given secondary •;ritertC'.n :s done 

q ua 1 i t at i ve ly «ith tne nigner ruinbers suggesting greater degrees cf nazaro. iNo 
iidtnemat ica I ’-e 1 a 1 1 orsr, i p r.etfleeri ’nese numbers OAivts. Tnus, for example, tne use of tne 
'lumber 4 joes n ot ’lea n or '.'iip iy tnat tne tuei so rale'J >s 4 times more nazaroous than the 
r ,.e i nated 


13 -year perio',! ^tuoy 'steo 1 .’4 acpidents, most 

relat'vei.' . ’ne ‘(etnerianus nave 

ippr -U -lute '■ _I - - o-L.' 0 ».e>'ej .entcles m 

operation. jr-t, ■‘-h .-j is •'epor'teo 
good. A ■umt'e'' of .e’'iclc fires -.ere reported 
but no - xp ' s ■ , 1 'is is,. f .. i ; scale safetv 
cr.is'l tests , -hu-p'i «u’'eO .trnlv.es ~ertr 

ic: imp 1 1 sneq ™it'i - inoaci cur joean -ars ana 
sv'iTie t 1 1 .1 Puses. »en't le storage tanes 

xitnstood fiese tests <•' i ' «itn leakage 

: •• , , g ..... • • .rp.. n-ri'ts 'f 

t ■ o ' j e 1 s 0 s t em . 

. «o .'■Ki I uK 1 r ; L c. -sL c i vl c ■< I . M ■ 4 - i i a n 
.So-. peered ,ehicies are 'u.-n.rai pri.marily .jue 
to ’."e ."-' 1 / .etii. es tout ~ere tr are m 

.pe'-at ii;ii. 'ne ->t; .inti uas i'ld vignt ,o«ipaiiy 
.'periteS ipout . ,'c (emties. Tne ponipany 

■'eported 'Ou'' .1 1 i ' . ' ..'ns 'n ig/o-.’S ,t<iO rear 

end, t .fU site 1 ng . 3 r "i e x p i ..a S I on , "0 

inj...ries. no 'ataiUes. 'ne company also 
'■ef'crts tnree , ’"yogen 'v burn inctJeiils luring 
transfer jpreratijns. ..NG-f'uOieO vehiCies nave 

traveled approx imate 1> _.p x \)° miles si.nce 

:9/'p. 'uii scale safety crasn tests on ,,NG 
.enic ie stor-age tanxs were CuUducted in l-v''l Dy 
the .0 ieparfrent of 'ransport at ion ociT) il4). 


.. omponent testing nas been done by oeec't 
Air-, raft ...orp. 

V Nu MyluK (teivvf. uvvivtui umIm 
t >t 1 1 atevl tjt.u. 'Sl-eage ic C uiliu . a t eu P_, ■‘jt.,r.t 

gas 'ueied veniples s,inte W’u m tne .a is 
-ippr.jv imate <y .. x .v.‘^ miles. ''Ost .f these 

n,i.e been .lcv.uH.u i ateu. ■ Pv tne uvutnern 

.aiitornia Gas company operating approx nuate iy 
'dU vemcies in „.'.b. sometii'ng over ucu 

vemcies total are reported to oe operating .o. 

• !t .,--,i. g iS V .NG l'’d . Nu . 'ne t^tui ■'..mper ' 

uCv'je*'ts in,'u.«i''g .Nb-oOnere'J .eh', vi; 'S " t 
i.al.ap.e but iS eSt l ma t ed t .j oe upp r'C • i o a t e ' v 

lAoO. very few injuries, no ratal ifes, a t ex 
''•'es. and ’>d exp.os'ons «ere reported. 

safety impact testing on fui! scale ve.n'- 

V ics .f igt>g-lgo8 .mtage «as aCvomp 1 1 sneu 
tne -4 ,.G. . .4, . .t snOu'J tie "Oted tn.at 

tjdaa's -aiiencan venicles are Constructed juite 
jifferemiy. Ine .anaoian uOverntnent nas 
'>'v ent . a -Onkileted a series ,if i Tpact tests 
,lp'. aeveral urivate concerns nave conducted 
tests rn fuel Sustem ..omponen's, e.g., ouii 
fuel .services. 

Operut i.jna 1 experience t. date as • ePc ted 
oy several jrgani gat ions .in excess or 4c,i is 
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said to be very good although many note some 
technical and psychological disadvantages and 
have suggested selected improvements (16). 

Irrespective of the physical state in 
which natural gas is stored in the vehicle, 
vapor leakage into the vehicle is a potential 
problem. A study by NBS was made concerning 
vapor seepage into vehicle interiors and recom- 
mendations made to minimize this hazard (17). 

Additional reviews of safety-related 
issues concerning CN6-, LNG-, ano LPG-powered 
vehicles are planned. Partial reviews will 
also be made of large volume LPG and lNG spill 
tests. The data obtained may prove useful in 
our final scenario analyses. 

SELECTION OF CREOIBl: ACCIDENT SCENARIOS 

To pursue the relative safety ••aiKing of 
alternative fuels further ano to assess tne 
hazards due to operation of gaseous-fueleo 

vehicles, it becomes necessary to introouce 
additional degrees of realism, i.e., boundary 
conditions. The selection of credible accident 
scenarios with subsequent analysis is one, 
method of accomplishing the above. 

Consensus of opinion was used to select 
five general scenarios that warrant further 
analysis. These are believed to be credible 'n 

■■lajor _ttui'. -ithOjun "Lt oreciiely Jcfi-'e.: 

at this tine, Sucn definition will be compictea 
Shortly. It is recogtiizcd tnat tne sccnari.s 

ran assume worst case situations without defi- 
nitive boundary conditions .r tne incusion cf 
specific risK abatement techniques tnat eitner 
already -.;vist or can be upplied. These will be 
tawer, into cons iderat ion in the final analysis. 

I’lc • 1 /e Scciiariji include: 

ciase - r\es loent 1 , uitacneo 

-Jitr Z. - ''jD.K, 

..pt -j 

. jSf 2 - wSer venicle 

V fi!- 1 ,'•»»< ,-r . ’■T' • 

'lose uttjL’iec. 

.e'lVxlie i M $ ^or., h -ie i ^oss-.-'Dar. 

rteiJ-vn/ Tf dr er>u, inCe I 3r 
•:oi-=^’ons U "djor 
: : c > s > - ' 

V .emcie .p i i - ^on, F .e i -jSS - 

nidMrtcj^ ipeeo iHu > ' 'K . r .f'*’- .,e 
.f'ncie c r» i i • s ' jfi/ F\4e ' ^oss - '.f'-fi 

ni;^n ’ c 

;entT^dtion cjriouio’is 

.'or fdC'i 3Dove bcenanj-b :no • 

*, ir.e pr-5:ar, ''.d<rd?*Zt) c. e i:, 

'jnctiofi ,)T : aseu re 

-< I :>N i i b 

’ne ^perdnon :-t aaseo^s .fm, trs 

w TesertS Sv.»no Je%.rcr ' -'k ^ 


general public. Our efforts will be to deter- 
mine whether or not such risk is equivalent to, 
better or worse than that already acceptable 
using the conventional fuels. 

The program effort thus tar nas not yet 
reached the analysis stage. Our preliminary 

thoughts will be to consider existing levels of 
risk, these to be modified by constraints 
imposed by the cnosen scenarios, ano finally to 
estimate the risks imposed by the use of 
alternative fuels within those scenarios. 

To assist in the risk estimations, it is 
tentatively planned to elicit mtormatioti -ij 
judgment by convening or mail surveying a group 
■jf experts. 

Four methuds of elicitation of expert 
judgment will be examined to determine wnicr 
one IS tne best tor our purpose. ine simplest 
is the staticized group method in wnicn a 
quest loiiridi re is filled out inoividua.ly by t’le 
members of the group and the results aversutd 
by routine statistical netnoas. Tnis i.eUi. o • 
simple, but tne results are generally Puure’- 
tnan tne other tnr-e methods. 

T|ie second method is tne Oelpni metnoc 
wnicn tne experts ■•eply to a mail sur,ey. ’n- 
survey results are then circulated anenymous iy 
to tne gnpup, ana me group is asxeo t: s.bnit 
second round replies to the auest ionre : 

. ■ * ' i iu u C f S S • S '■ P f j t c J . I ' - s ' c it' • ' . 

ponse^’s-s 's ’'ejeneQ. 
very iitrie 

Tn«? sirjClureJ u tc-rsutivf 'ft'n. : 

jan De ! ueneo to a f'ace-to-r *ce ^eipni v.,'.: 
eacn r.xptrrt presents nis jjcg;nent ta me group 
rtfnen renaios si-rni to prevt-rt sp..nt u> 
interaction, /^fter eacn -Xpert nas ■naoe ms 
presef't a t ' on, me ^roup mscussrs m^r ^.xcg-j-crti 
ano eacn eApf»*t 's aliovneo tu ‘rtOjm. *''v 
JjJ0’*trnt '■! t'lf ' fxt .'-r t ,-.t ' . 

’•If •.'■'.‘.tss 5S ''fpcottC .v.t ' lot' 

.onse*’S-s *s '*eacnec. .xe tne .eioni •ei-’t.*:, 

me ^ ; '‘UL *. u ’ntrf'icm.r Zf:-.. •> * • .- 



fiOer i ntreCfC *. scep Ve gr*L 
'.r':0 . * u ■ S "ir >.->S }»■ . 



• 0 ’ a > y t I s. 3 .2 P P f" 3C r e S t ** t J w. C r t ' » 

:ai2, 

;.:g’nent '^tc in :vf'*3i '•"Sx ' 

-vusm-rrc. i t'lf'e m ^ -.im 

>uOpo'*t ' 3u t mee ^ndi .s^s, -se 

.* ‘.nu j»--o .eT -f’ rif'rer piorcf^eo • . . ;,r. . 

. , - 0 5 . Cc . ■wc'i- v»e ' Z*' t ^ r 

0 iceo .n 'vjc;ec*. ’,e -xpent '.jOgfnenit f . 

. t 1 e andi ^ss's 

wr.^pnK3'i ana egui. representdt ’ on 
OO'iis’O-f *.:,.it iOO ' . f'Td . ri^tfntS u 

rtfuen an '‘eSviit a preoefineo ao^anieo e\en*i 

jk.\.Jutrnt . nf .w'frtjnteo'.'* ?md» tv.0 
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analyzeo for various ways by wbicn it may 
occur. Edcn subevent is similarly analyzed. 
One arrives finally at a basic level of events 
or information wnere probabilities of 
occurrence or values are known with a high 
degree of confidence. 

Trie Saaly pa i r-compari son tecnnique con- 
siders a partitioning of the analysis into 
several sublevels aimed at generating a 
specific index value {which can be intercom- 
pared ; for each fuel witnin a given scenario. 
It is basically a scoring methodology. The 
tecnnical properties or me fuel provide me 
basis for the ouiloup of several levels to tne 
final determination of the index value., viz., 
technical property intorriidt iun--SeCOnoary suo- 
level hazard--primary hazard-- i ndex value. 

Our c 'lu-erit moughts lean strung!/ to the 
use or the group consensus metnoo for elicita- 
tion or information and trie saaly technique as 
a scoring methodology. 
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{'1 r-evifw, jssess'iieni status is as follows: 
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QUEST lOM AND ANSWER PERIOD 


Q: Ralph Fleming, Department of Energy. I'm 

wondering how you are going to guard 
against the situation that one of the 
speakers mentioned this morning, namely, 
that in referencing property data, have you 
listed older literature? I suspect some of 
these niOTbers you have were determined in 
the 1920' s. How do we know how good those 
numbers are? 

A: This is an unfortunate occurrence in the 

scientific literature. I have run into 
this with my own experimental work, in that 
data tends to get reproduced continually 
and is actually out of date. Our best bet 
here is to redly go to what you consider 
your best sources, e.g., people who are 
working in the field, and attempt to 
acquire the latest data available, if it's 
available at all. I might find information 
through my contacts, I might go to the 
latest meetings, for example, a particular 


fuels and combustion meeting and attempt to 
contact various people be they in 
universities or industry. 

Q: I wondered how rigid your programmatic 

restrictions are. Is there any possibility 
this study might encompass other fuels like 
methanol? Methanol seems to be emerging 
these days as the most likely candidate 
alternative fuel to become available in 
substantial quantities in this country in 
thi s century . 

A: I'm not certain to date whether there is a 

similar study going on with methanol. It 
certainly should be done sooner or later. 
But this again becomes a function of both 
interest and available funding. The 
Department of Energy should be contacted as 
to whether or not we will do a program like 
that. 
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in Spark Ignition Engines 
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ABSTRACT 

Research investigations of alcohol 
fuels for automobile engines continues to 
show alcohols as viable alternative fuels 
to gasoline. Siowever, some technical 
problems still need continued research 
before alcohol fuels enter the public 
sector. T.hese problems are cold 
starting, increased engine wear, 
increased aldehyde emissions and the 
unknown impact of these fuels on the 
environment. Research at the University 
of Santa Clara r.as continued to center on 
these problems and a description of this 
researcn is presented here. 


THROUGH 14 VH.ARS OF CONTINUED RESEARCH on 
t.he ISO if alcor.al fuels in automotive 
.spar-: it.sn en-iines, tne basic alcohol 

fuel.- T.e 1 f. ano and etnanol) nave been 
snov/r. 10 oe -attic lent, clean outning 
f..els tot automotive use 11 , 2 , 1 !.* 

Howeve : , oe c 0 1 e these fuel.s can become 
total..' oomrae t c 1 3 1 1 zed , t.here are still 
some pt-Jcl-oms that need to oe so . ved. 
T.hese proclems are coid starting, engi.ne 
wear, aldeiiyde emissions and the unknown 
impact of ttiese fuels on the environment. 
Eac.h .)f these problems .".as been 

1 t 1 : . e.i .ind researcn -.s cor.tinaing to 
-Sol'.’e t.’’.e.m. The following paper will 
explain some of the researcn being done 
at" the University of Santa Clara relative 
to these proo'lems. 

COLD START ST’JDISS 

CiU ;; star taoi . 1 ty of alcohol fueled 
ve;: 1 c 1 -as is' an important issue since t.he 
:tiet;-.od used for sta.ting can effect cold 
start emissions, engine wear and war.m-up 
ar 1 .’eac 1 . 1 1 y , Coid starting of a spark 
ignited alconcl venicle without auxiliary 
statti.ng aius .s presently limited to 


about 7 C due to the low vapor pressure 
of these fuels [ 2 , 3 ]. In order to enhanca 
the cold starting of alcohol fueled 
vehicles, several auxiliary starting aids 
have been tried. These include gasoline 
injection, iso-pentane and di-methyl- 
ether as fuel additives, ether injection, 
electric heat addition (vaporizers), and 
dissociation of methanol into carbon 
.monoxide and nydrogen. 

Three observations can be drawn from 
the study of these auxiliary starting 
techniques. The first and most important 
is that the period immediately following 
a successful cold start, the warm-up 
period, is the most difficult to improve. 
Even with exhaust heating of the intake 
mixture, there is a short period of time 
during which intake temperatures drop 
instead of rise and a smooth idle is 
difficult to obtain. This fact leads to 
point two: an auxiliary fuel system 
(i.e., gasoline or related fuel) cannot 
be a simple one-shot device. Rathe' it 
must be capable of fuel delivery through 
at least part of the warm-up period and 
this greatly complicates the necessary 
nardware. Thirdly, no reasonable, 
single, auxiliary cold starting technique 
was capable of satisfactory .start and 
warm-up performance other than auxiliary 
fuels such as dissociated methanol, 
gasoline, di-methyl-ether or butane 
tailcred for coid starting and warm-up 
-■>peration. from these statements, one 
concl-ades that the best solution to t.he 
cold starting problem has .not yet oeen 
developed. 

Droplet transport and vaporization 
may oe part of the solution to cold 
starting and warm-up prooiems with 
alcohol fuels and is currently bur area 
of emphasis. This area is Dei.n-g studied 
through ooth computer .models of t.he cold 
start engine piocesses and an 
experimental study in which an engine .s 
.mounted in a refrigeration chamber with 
instrumentation to measure the 
vaporization process. 


*"N'u"hTb e f s . :i 'c: aciets designate references at end of tne paper. 
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COMPUTER MODELS - In order to study 
droplet transport and vaporization, a 
sophisticated one-dimensional, two-phase 
flow computer model which simulates the 
gas exchange and compression processes 
occuring in a spark-ignition engine has 
been developed. The model selves the 
basic unsteady conservation equations for 
both gaseous and liquid components at 
each node in the intake runner and engine 
cylinder at each time step. Thus 13 
derivative equations are solved at each 
of 20 nodes during each time step during 
a cold starting event. While the time 
intervals are determined by an error 
criteria, the average time step is 
approximately 0.0025 crank angle degrees. 
This model is written in Fortran and 
executes one complete cranking cycle on a 
CDC 7600 computer in approximately 200 
CPU seconds. A color graphics display is 
then used to visually study the droplet 
transport and vaporization processes 
occuring in the intake runner and engine 
cylinder during a cold start event. 

Initial studies, however, have 
broken this model into two sub-models. 
These ate droplet transport down the 
intake runner , and compression of the gas 
and droplet mixture in the engine 
cylinder. The results from these two 
sub-models ate presented here. 

The droplet fall-out and sling-out 
sub-model is used to examine the fate of 
droplets in the intake manifold. In this 
model, plugged flow along a two- 
dimensional intake runner was assumed and 
the conservation of momentum equation was 
solved in Lagrangian form. Droplet 
transport vi;as calculated from drag forces 
imparted to the droplet, while gas 
velocity was assumed constant along the 
intake runner. In Figure 1, a gas 
velocity of 275 cm/sec was used to 
simulate a cranking speed of 200 RPM. 
Droplet trajectories for various sized 
droplets are plotted within the runner. 
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As can be seen from this figure, tne 10 
and 25 micron droplets will enter the 
cylinder while a 50 micron droplet will 
fall out of the air stream before 
entering the cylinder. The 100 micron 
droplet is shown to be slung out in the 
manifold corner. This is due the fact 
that the larger droplets have higher 
downward mcanentum during travel in the 
down-draft portion of the intake runner. 

Figure 2 shows the effect of air 
stream velocity (or cranking speed) on 
the trajectory of a 50 micron droplet. 
As can be seen from this f’^-ire, the 
slower the air stream velocity (slower 
cranking speeds) , the larger the chance 
of the droplet entering the cylinder. 

The second sub-model examines the 
fate of droplets during the compression 
process. It assumes that all the fuel is 
in droplet form at the beginning of the 
compression stroke. Both heat transfer 
and droplet vaporization are allowed to 
occur during the compression process. 
Figure 3 shows the cylinder pressure 
during the compression stroke for air 
only, air plus methanol, and air plus 
ethanol. The starting conditions ace 
298.15 K, 0.775 atm, a compression ratio 
of 10 to 1, a cranking speed of 200 RPM 
and a stoichiometric mixture of liquid 
fuel droplets and air. Initial droplet 
size is set at 50 microns. As can be 
seen in this figure, there is a 
substantial reduction in final cylinder 
pressure due to fuel vaporization in the 
air plus fuel cases. As expected, 
methanol shows the greatest reduction in 
final cranking pressure due to its very 
large heat of vaporization and its larger 
fuel mass for a stoichiometric mixture in 
comparison to ethanol. 

Figure 4 shows the cylinder 
temperature versus crank angle for the 
same comparison. As expected methanol 
shows the greatest reduction in final 
cylinder temperature due to its high heat 
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of vaporization and increased fuel mass. 

Figure 5 shows fuel vapor/air 
equivalence ratio (lower curves) and 
droplet size (upper curves) during the 
compression pr<3cess for the above 
comparison. As can be seen both methanol 
and ethanol are above the lean 
flammability limit (approximated here as 
0.63) at the end of the compression 
stroke for room temperature cold 
starting. It also shows that ethanol 
droplets vaporize more readily due to the 
lower heat of vaporization and lower fuel 
mass. 

The same comparison is shown in 
Figure 6, but for a starting temperature 
of 0 C instead of room temperature as in 
the previous graphs. As shown in this 
figure, the methanol vapor/air 
equivalence r.tio is below the lean 
flammability limit at the end of the 
compression stroke while ethanol is 
above. Thus a methanol fueled engine 
cannot be started under these conditions 
without additional starting aids. 

Figure 7 shows the effects of 
various droplet sizes on fuel vapor/air 
equivalence ratio during the compression 
stroke at a starting temperature of 0 C. 
As can be seen from this figure, droplet 
size is very important in the 
startability of an spar< ignition engine. 
The figure shows startability of a 
methanol engine with 10 micron sized 
droplets, while the 30 and 50 micron 
droplets do not provide a flammable 
mixture at the end of the compression 
stroke. 
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Figure 8 shows the effects of 
cranking speed on droplet vaporization. 
As can be seen from this figure, the 
slower the cranking speed, the more time 
there is available for droplet 
vaporization. Still, even with a 
cranking speed of 100 RPM, the 50 micron 
droplets do not provide a flcunmable 
mixture at the end of the compression 
stroke with a starting temperature of 
0 C. 

Figure 9 shows the effects of 
compression ratio on startability of a 
methanol mixture of 50 micron drops with 
a starting temperature of 0 C. As can ce 
seen from this figure, modest changes in 
compression ratio have only a slight 
effect on final vapor/air equiva.’ 7nce 
ratio. However a very high compte ,sion 
ratio like those seen in diesels, can 
provide a flammable mixture while noriai 
compression ratios can not, especially 
with the fine atomization of the diesel 
injector . 

EXPERIMENTAL STUDY - In order to 
provide experimental verification of the 
findings thus presented, an engine 
mounted in a refrigeration chamber is 
instrumented to record cylinder pressure 
and temperature during a cold starting 
event. Figure 10 shows a schematic of 
this experiment. 

The theory behind the cold chamber 
experiment is based upon a simple energy 
and mass balance of the mixture trapceo 
in the cylinder during the compression 
stroke. The energy balance includes 
cylinder leakage and heat transfer to the 
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cylinder wallss. Droplet fall-out and 
vapor condensation are not modeled at 
this point. Leak rates are determined 
from a dynamic pressure measurement in 
which the cylinder is charged with 
compressed air at constant piston 
position. Once the leak rate is known, 
an estimate of heat transfer can be 
obtained by comparing the measured 
air-only cycle to a cycle computed using 
the calculated leak rate and the 
conservation equations. With the leak 
and heat transfer rates quantified, the 
quantity of fuel vaporized per unit time 
IS backed out of the calculations by 
comparing the calculated pressure trace 
to the air plus fuel cycle. While this 
approach is less sophisticated than the 
one-dimensional, two-phase computer model 
mentioned above, the two approaches work 
hand-in-hand in providing a better 
understanding of the fuel vaporization 
process. 

Measurement of droplet vaporization 
during the compression stroke opens a 
number of interesting research 
possibilities. The first application is 



FIORE 9k OS^PRESilON RATIO EFFECTS FOR 0 C CRAWIKG 


to be an investigation of droplet 
behavior to reduce the temperature at 
which pure alcohol engines will start and 
warm-up satisfactorily. Other 
applications include the effect of 
droplet vaporization upon the compression 
work of a running engine. It has been 
hypothesized that with alcohol fuels this 
effect upon efficiency can be 
significant. Regarding combustion 
modeling, with the state of the mixture 
known at the time of ignition, more 
accurate modeling of warm-up performance 
and exhaust emissions is possible. 

ENGINE WEAR 

Engine wear resulting from the use 
of alcohol fuels has been documentcid by 
several researchers [ 4 , 5,6,7] . It appears 
that alcohol increases wear in automotive 
engines from 2 to 10 times that in 
gasoline engines depending on engine 
type, driving and climactic conditions. 
The reason for this increased wear is not 
well understood, although many 
speculations of possible wear mechanisms 
have been made. Research at the 
University of Santa Clara has examined 
wear by examining the major factors which 
relate to wea- and corrosion in 
automotive engines. 

The most serious engine corrosion 
and wear problems appear related to the 
differences in the products of combustion 
among the alcohols and gasoline. The 
effects of excessive cylinder wear, rust 
colored compounds formed on iron parts 
bathed in oil and crankshaft bearing 
failures are believed to stem from two 
sources: 

(1) The increased water formed by 
combustion of the alcohols which elevates 
the dew point temperature of the exhaust 
products. 

(2) The increased acidity of the 
condensate formed on cold surfaces. 

The calculated dew point 
temperatures for methanol, ethanol and 
gasoline when burned stoichiometr ically 
rn dry air at one atmosphere are shown in 
Table I along with the measured pH values 
of the condensate. The condensate was 
obtained by passing exhaust gases from 
the engine exhaust (ahead of the 
catalys*- '.nrough a carbon dioxide cold 
trap. 

The high dew point temperature for 
methanol coiabined with its high heat of 
vaporization clearly indicates that the 
warm-up time for a gasoline engine 
converted to methanol will be 
significantly extended. In addition, the 
amount of combustion condensate and 
unburned fuel collected on the cold 
cylinder walls, valves and piston faces 
is estimated to be twice that of gasoline 
because of the extended warm-up time and 
elevated dew point temperature. Mhen 
these factors are combined with the 
measured pH values of the condensate, a 
major source of corrosion and wear in 
methanol engines is identified. 

One last mechanism which needs to be 
explained is the fact that the presence 
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TABLE I. COMBUSTION COMTEMSATE EACTORS 
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of alcohol in the condensate 
significantly reaoces the surface tension 
of the condensate. Simple experiments 
with watch glasses coated with engine 
lubricating oil indicate that methanol 
added to a drop of water enaoles it to 
spread on the oil film possibly reaching 
the glass surface. With acid added to 
this condensate, a corrosion theory can 


be deveiofied which can explain the severe 
corrosion and wear encountered in alcohol 
engines. The alcohol in the water may 
rovide a conduit through the thin oil 
ilms plated on the iron cylinder which 
will allow the acids in the condensate to 
attack the bare iron surface. Acids, 
such as nitric and formic which produce 
hydrogan ions, can cause local cell 
corrosion forming compounds such as 
Fe(0H)3, re(HC00)3 and Fe(N03)3 which are 
of lower density than the base metal. 
These compounds are easily removed by the 
sliding surfaces, thereby causing rapid 
wear . 

In order to u.nderstand the high pH 
values in the methanol condensate, 
equilibrium calculations of raet.hanoi, 
ethanol and gasoline exhaust were done 
using a NASA chemical equilibrium 
program[8]. This study showed that 
formic acid (HCOCH) was formed at high 
temperatures and was highly temperature 
dependent. Figure 11 shows comparisons 
of the exhaust of methanol, ethanol and 
gasoline at 1800 K as this represented 
the high end of exhaust temperatures. As 
can be seen in this figure, equilibrium 
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calculations do not show significant 
differences between the three fuels but 
do show that formic acid formation favors 
rich mixtures. 

Another possible acid existent in 
the exhaust from these fuels is nitric 
acid (HN03) . It can be formed from N02 
at low temperatures and the equilibrium 
exhaust concentrations for the three 
fuels are shown in Figure 12 at 600 K as 
this represents the low end of exhaust 
teraperatiires. Nitric acid is shown to 
form in lean mixtures, but again there is 
little difference between the three 
fuels. However, high N02 concentrations 
(far above equilibrium concentrations) 
are found in the blow-by gases which 
might promote the formation of nitric 
acid at the lovir temperatures found in 
crankcase conditions. Further studies 
which involve chemical kinetics need to 
be done fully understand the mechanisms 
of corrosion and wear. 

ALDEHYDE EMISSIONS 

Aldehyde emissions from alcohol 
fueled spark ignition engines are 
typically higher than those from gasoline 
fueled engines. It is generally accepted 
that aldehydes are formed from lean 
partial combustion of alcohols and ate 
primarily formed in the exhaust 
sy s t em ' 9 , 1 , An exception to this rule 
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is when alcohols are burned at rich 
stoichiometry in an engine with an 
exhaust catalyst and an air pump. Under 
these conditions, the catalyst can 
actually form aldehyde emissions from the 
unburned fuel and injected air 
particularly under lower exhaust 
temperature conditions such as during 
extensive idling. These conditions 
duplicate the standard methods for making 
aldehydes in the chemical industry. 
These conditions occurred with several 
U.S. Postal Service vehicles converted 
to alcohol which led to a temporary 
suspension of fleet operations. The 
difficulty stemmed from the previously 
mentioned factor and the fact that the 
mixture of the vehicles was inadvertently 
set too rich. This latter condition has 
since been corrected. Additionally the 
driving cycles for these vehicles (10 
miles/day) are such that the catalyst 
never gets above warm condition. Studies 
of this phenomenon and solutions to this 
problem are currently underway. 

The experience the U.S. Postal 
Service is having should be noted for two 
reasons: 

(1) Aldehyde emissions (and more 
importantly carbon monoxide emissions) 
from alcohol fueled and gasoline vehicles 
can become serious problems for the 
vehicle operator. 

(2i Long before this level is reached. 
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lower levels of formaldehyde and carbon 
monoxide may pose health problems to 
operators exposed to partially reacted 
exhaust for extended periods as they may 
exceed OSHA carbon monoxide safety 
standards or aldehyde levels above 1 ppm 
where health effects are noted [11]. 

Figure 13 compares aldehyde 
emissions from an in-tune vehicle (PS #2) 
to an out-of-tune vehicle (PS #10) from 
the U.S. Postal Service alcohol fleet. 
As shown in this figure, PS #10 emitted 2 
to 3 times the aldehyde emissions of 
PS #2. The over-rich condition was due 
to both the sinking of the carburetor 
float due to methanol absorption and to 
an overly rich idle speed carburetor 
jetting. When both these problems were 
corrected the emissions from PS #10 were 
brought into line with PS #2, 

While carbon monoxide emissions are 
not shown in Figure 13, PS #10 emitted 3 
to 4 times the carbon monoxide emissions 
of PS #2. Replacement of the carburetor 
float, however, made little difference in 
carbon monoxide emissions in comparison 
to PS #10 as received. 

ENVIRONMENTAL IMPACT 

The storage, distribution and use of 
chemically pure methanol fuel appears to 
have a beneficial environmental effect in 
comparison with the storage, distribution 
and use of gasoline or distillate fuels. 
However, more detailed modeling studies 
are needed to account for the net changes 
in emissions inventories under various 
end-use scenarios in the stationary and 
transportation sectors. In addition, the 
photochemistry of methanol should be 
validated when hydrocarbon emissions and 
methanol emissions are combined in 
computer models to predict urban ozone 
pollution effects. 

The interactive photochemistry of 
methanol emissions with the existing 
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fossil fuel emissions is currently being 
studied in a photochemical smog chamber 
at the University of Santa Clara. 
Earlier studies with this smog chamber 
have shown methanol and ethanol to be 
relatively unreactive in creating 
photochemical smog. Aldehyue emissions, 
however, increase the photochemical 
reactivity of the alcohols[2]. 

A cryogenic trapping and gas 
chromatography technique has recently 
been developed to measure hydrocarbon 
concentrations down to a few parts per 
billion. Chamber characterization 

studies are underway in parallel with a 
series of baseline urban mixture 
experiments. Multi-client support is 
being sought for the experimental work 
and subsequent photochemistry validation 
and computer modeling studies. 

In contrast to the anticipated 
atmospheric benefits frcHB the use of pure 
alcohol, blending of volatile 

hydrocarbons into methanol for cold start 
and driveability reasons, may increase 
the mass emission rate and the reactivity 
of the blended fuel's evaporative and 
exhaust emissions. These effects are 
also currently under study for the most 
likely fuel blends of methanol and 
iso-pentane or gasoline. 

CONCLUSICWS 

Alcohol fuels are clean burning, 
efficient fuels for automotive use. The 
alcohols provide some continuity in 
international fuel supplies since 

alcohols can be produced by even 
underdeveloped nations. Production of 
alcohol as an alternative fuel to 
gasoline is already begun in Brazil and 
IS the top most choice of several other 
nations. However before complete 
commercialization of alcohol fuels can 
begin, some technical problems need to be 
solved. These problems ate cold 
starting, increased engine wear, 

increased aldehyde emissions and the 
unknown impact of alcohol fuels on the 
environment. Research is continuing to 
study these problems and solutions ate 
within reach. 
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QUESTION AND ANS1£R PERIOD 


Q: Itobert Potter, General Motors. Regarding 

your slide 4„ I believe isn't one of the 
nsajor factors in the cylinder temperature 
the mass of methanol compared to the mass 
of ethanol? I laean since the 
stoichiometric air/fuel ratio of ethanol is 
9:1 compared to 6.5;1 for methanol, 
approximately 40S of the reduced cylinder 
temperature effect could be due to the 
differences in the fuel mass as well as 
their differences in latent heat of 
evaporation. 

A: Certainly that is true. There is a 

difference in mass agreeably and when you 
are talking about stoichiometric mixtures, 
you definitely have less ethanol than 
methanol in the cylinder. But the latent 
heats of vaporization are also distinctly 
different. I think both effects are there. 

Q: Jerry Panzer,, Exxon Research. Maybe I 

missed something in what you said, but when 
you talked about the concentration of 
nitric acid in the exhaust, I was wondering 
why it didn't peak a little lean of 
stoi chioinetri c like nitrogen oxides do? 

A; These calculations were equilibrium 
concentrations at a constant exhaust 
temperature and thus the adiabatic flame 
temperature trend with equivalence ratio 
was refltoved from the trends. If nitric 
acid concentrations were calculated at the 
adiabatic flame temperature, you would see 
a peak slightly lean of stoichiometric. 

Q: Roberta Nichols, Ford Motor Company. On 

your lean flammability limit, is that at 
atmosptieric pressure? 

A: It's actually figured at ten atmospheres, 

i.e. end of compression type pressures. 

The data was taken from a minimum ignition 
energy study figuring approximately the 
amount of energy a typical spark would 
generate under typical conditions, i.e. end 
of compression type conditions. 

Q: Second question. Have you looked at the 

possible effects, and correct me if I'm 
wrong, of the fact that you are starting 
the postal flleet with ether on aldeiiyde 
formation? Since ether is injected 
whenever you turn on the key , is it 
possible that the increased aldehydes you 
found were due to the use of ether? 

A; I don't believe so. We have done tests on 
standard driving cycles and basically the 
vehicles shm#ed very high aldehydes even 
for a cosibined driving cycle including the 
hot transient. In fact, the differences 
between the in-tune and out-of-tune vehicle 


for this situation were almost three-fold 
on the coictbined cycle. So it existed both 
when the catalyst was hot artd cold. The 
postal service situation was a little 
different. The postal workers were driving 
the vehicles up against the loading dock 
and leaving them at idle for a considerable 
period of time. Under these conditions the 
CO would probably cause them headaches 
anyway but at least the aldehydes told them 
it was tine to get out of the area. In 
that sense maybe it's a safety feature but 
it's not a very good one. 

Q: The metfianol used in the postal fleet, was 

it primed with butane or higher alcohols or 
any thi ng? 

A: No it was neat methanol. 'We only use ether 

injection for cold starting. 

Q; Granger Chui , Ford Motor Company. What is 
the driving force for vaporization rate in 
your model? Does temperature or pressure 
have the more sig;iificant effect? 

A: Basically the evaporation rate in the mooel 

is driven off the saturated vapor 
pressure. But the amount of fuel vaporized 
during the compression stroke is nowhere 
near the saturated state. The evaporation 
rate is slow enough during the compression 
stroke, such that the saturated vapor 
pressure is never reached. 

Q: David Elliot, Ontario Ministry of 

Transportation. I'd like to refer to slide 
2 where you talked about the effects of air 
velocity on the stability of the drops. I 
guess that because they're turning a 
corner, the heavier drops are slung-out 
against tJe wall. Is that right? 

A: That's right. It's basically the downward 

velocity in that case. Heavier droplets 
maintain the downward momentum through the 
turn and hit the bottom of the manifold. 

Q: Does the cranking speed really have any 

benefits on cold starting? 

A: Basically it was found that cranking speed 

wade very little difference on whether the 
droplets entered the cylinder or not. You 
are going to need very fine droplets to 
even enter the cylinder under cranking 
conditions and thus cranking speed need not 
be considered as a primary variable in 
transporting fuel into the cylinder. 
Practically, as we all know, cranking speed 
has a great deal to do with cold starting 
but not in the transport of the fuel 
droplets. 
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bUi.'t'. '! -latcri.a’ : : h i ' i : i '/s vith 

rr^^^L'p.ano : -iMs.' ^ -'luntis. The vidditives» 
phoson t ' prpvuit a diversity o: a;>p I icat ians 
and .p.orioa'. tasked it *r;otha- 


wofe : k-x‘. rata.,-' v. ti : a.suv. ir. av:tv'~ 

;r.ot anp 1 :aat .v’ns. IntotK- m.vtor ia!s — 

1 as t ' 'rr.e r s , ■* ! a.-; t : ps in^.t var.<~-woro tostod !v.>r 
c .r::pvi t i b i i t V v i, t. r; •.!'«.* "ctiian^'I blt-nds. As a 
rosul: I thv.so *r' the* additives 

wero <i;b ■ e c t ca 'a !artb.or totir.kt in search .'t 
.^p:ir:al .inp I ica: ian c;'ncl:lon^. Tb.c Cv'tnpleced 
?>croenin.c phase i I’.a i c»it v'.i t.' r.e additives which 
inhibit corr-si'-e .-t th.e blonds on some 

'p.cta'.s; e,‘T?o^-’.^^ wt'jc :K'tt.-a tf.o noi\nr.eric 
mate r i a I s . • n t t c a t i a n ^A'n 1 1 :uicr> w 1 1 h vi 

r 0 a L.C 0 a marr. no r ’ • i .! ■.! 1 1 s , a 1 1 * r i .i » > » «mu 

ThLANO'. -.'rodacod : fom o..-a: has the poten- 
tial hccor.in.c a -.aA’V ^or.trioutor to this 
cocr.trv'> .i'.tcrr’.at :\o I'aols inventory. Metha- 
o’.onaec with ;tasoline has alroadv bo'on and 
IS hoinc tested in automotive rleets o» various 
tvi^es. The department o! Energy’s Alternative 
;'i:e!-. t i 1 i a t i on I’rocraci lAFVP) provides the 
•. 1 in. r. 1 opo:’. which, the conpat ibi 1 i t y ■! 

me t h.o.no i “conta ininic iuv'Is and other related 
methanol applications questions may be investi- 
gated, The results to date have been 

encouraging; hov.-ever, some technical probiexns 
riave arisen. Among these problems are those 
associated with corrosion ot metal engine parts 
and deleterious eifects on polymeric materials 
used in viutomotive fuel systems. This report 
summarizes the progress riade up to this tine 
of the project having the main objective of 


“VuEsbers in parentheses designate references 
it end of paper. 


identifying* obtaining and evaluating com- 
mercially available fuel additives that might 
be applicable to reduction or elimination of 
engine and fuel system material deterioration 
in methanol fuel blends. 

Although in new vehicles it may be possible 
to use improved materials that are not subiect 
t,- attack bv r.elh.anv'l -gaso ! ine blends, it is 
necessarv to seek protection tor existing sys- 
tems. The use of currently available fuel addi- 
tives to overcome these material compatibility 
problems is apparently a more realistic approach 
available at this time. A methanol/t-butyl 
alcohol mixture containing a corrosion inhibitor 
has been developed for use with unleaded gasol ir.e 
in blends which must meet the EPA legval limit for 
oxygen content. Concern arises because of the 
waiver requests which have been made for an 
increase in oxygen content. Knowledge of the 
material effects of blends of higher methanol 
content is incomplete, and this invest igat ion 
was initiated to seek such information. 

PROJECT ORGAN’! RATIOS' 

The project was organized into two main 
parts: the screening task in which six addi- 

tives were obtained and evaluatedi followed by 
the optimization task in which three additives 
exhibiting some apparent protective effects were 
further evaluated. The two tasks were further 
divided into subtasks as shown below; 

TASK I - Initial screening tests were 
conducted with the six additives in methanol- 
gasoline blends. 

SCBTASK lA - Fuel blends were prepared 
containiixg methanol, gasoline, 2-butanol, and 
the six additives. 

SUBTASK IB - Metal corrosivity tests were 
conducted according to recooanendations of 
applicable ASTM and .\ACE standards. Elastomer 
and plastic cooipatibility tests and physical 
property deterjsioations were conducted accord- 
ing to the appropriate ASTM standards. 
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ABDITIVES 


SUBTASK IC - Results of the corrosivity 
and compatibility tests were evaluated relative 
to results from baseline unleaded gasoline neat 
and blended with methanol. 

SUBTASK ID - Three additives were chosen 
for further testing in the optimization task. 

TA.SK II ■■ The three additives chosen in 
the preceding task were formulated singly and 
in binary combinations with methanol-gasoline 
blends for testing to determine if higher con- 
centrations or combinations of additives would 
produce the desired optimiraum protective 
conditions. 

SL'BTASK IIA - Fuel blends containing the 
additives chosen in subtask ID were prepared 
for further corrosivity and material compati- 
bility testing.. 

SUBTASK IIB - Corrosivity and compati- 
bility testing are being conducted with the 
materials and fuel blends formulations chosen 
in Task I. 

SUBTASK nc - At the end of the test 
period the effectiveness of the three additive 
formulations in methanol fuel blends will be 
evaluated with respect to reference unleaded 
gasoline and methanol blends. 

E.XPERIME.NTAL PROGRAM 

The program was divided into si.\ 30-day 
periods during vjhich two 30-day periods were 
required for corrosivity determinations. The 
materials compatibility testing periods require 
shorter periods; and were conveniently con- 
ducted during the corrosivity test periods. 
These two test periods began at approximately 
the one-third and two-third points of the 
program term. The remainder of the time went 
to acquisition of reagents and materials; 
preparation of test specimens, fuel blends, 
and testing equipment; and the evaluation of 
results. 

additives - broad range of applications 
and chemical types of corrosion inhibitors was 
sought by canvas of 16 major suppliers of fuel 
additives. The suppliers were requested to 
recomiiend candidate materials and provide any 
available technical information. The suppliers 
proposed 13 commercially available corrosion 
inhibitors for which they would provide formu- 
lating instructions and other technical infor- 
mation. In consultation with the NASA Project 
Manager we chose the six additives described 
below. The concentrations listed were recom- 
mended by the suppliers, all of whom indicated 
some corrosivity testing had been conducted 
vfith their additives but only one provided 
the results of tests with ethanol. The cost 
of formulating these additives ranged from 
S3. 50/1000 bbl for A to $232.50 for C and 
$7,635,00 for F. The suppliers also said that 
no modification of incompatibilities between 
fuel and polytseric materials could be expected. 
They suggested the one thing we could look for 
was chat the additives would not worsen the 
deleterious effects of the fuel blends. 


Test Inhibition Chemical Concentration 

Code Type Type lb/ 1000 bbl 


A Corrosion Organic Acid 5 


B Rust-Fuels Acylated Amines 3 

and Lubri- in Organic 
cants Hydrocarbons 


C Corrosion Organic Acid 


100 


D 


Corrosion Substituted. 3 .x vol 

High Molecular .Methanol 
Weight Suc- 
sinic Acid 


E Rust and Organic Acid 
-Ant i- 
icing 


Hust-Clr- Fatty Acid 
cu lacing .Amine 
Oils 


1,936 


The additives chosen for further testing 
in Task II, B, 0 and E were formulated in the 
following .manner: 


fVDDITIVE COST ENTRAT IONS 


Formulation 

Number 

.■\ddit ives 
I’sed 

Concentration 
lb/1000 bbl 

1 

D 

2 X vol Methanol 

■y 

B 

9 

3 

B 

3 


D 

2 X vol ^ Methancl 

** 

3 

D 

9 

2 X vol » Methanol 

■X 

B 

3 


E 

13 

6 

D 

2 X vol 7 Methanol 


E 

1 5 

The additives 

formulated 

in this vay will allow 

us to observe 

any effects 

of increased concen- 

tration and/or 

combination of the additives in 


addition to conducting confirmatory repetition 
at previous additive concentrations. 

FUEL BLENDS - Methanol-gasoline blends 
were not expected to exhibit highly corrosive 
effects on most metals under the proposed test 
conditions. In order to make it more likely 
that some effects would be induced, we chose 
a broad range of methanol concentration, 

2.5 - 20 vc>l I, for the initial scries of 
tests. The unleaded gasoline (24J aromatics) 
containing only antioxidant and metal deacci- 
vator additives is a typical South Texas fuel 
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obtained locally. Technical (99.98%) grade 
methanol used to r.iak.e the fuel blends contained 
traces of acetone and formaldehyde and 0.06% 
(vol) water. Isobutanol was chosen as ti.e 
cosolvent since it provides good water solu- 
bility properties with methanol and gasoline 
containing 25T, aromatics. 

Fuel blends for the screening tests were 
made in the following proportions as volume 
percentages: 


Gaso 


ine 


76 

38 

94 

97 


Ti:ST SOUTIONS 
Methanol 



4-Butanol 


•-).3 


Additives were disSbolved in the baseline gaso- 
line at twice the desired final ^.oncent ration 
and diluted with the appropriate amount tf 
gasoline to achieve a 1:1 dilution of the 
additive when mixed with the alcohols. The 
alcohols were mixed in the proper proportions 
and water was added to give a final concen- 

Th.e a.Cs'io. ■ ixtute Wvir> trier, .iocec: s.v'w.v to 
tl'.e gaso.ir.e wtthi constant agitation to ensure 
complete t.ixing i.ind xeep tne water rrom 
separat ing. 

Test solutions fcr Task II were .made in 
the .s«ime manner except the methanol concencra- 
civ^ns were iecreased :c th.ree levels, >, 7.5, 
and T9' hv volume. -reater care was taken in 
m.ixing th.e alcohols and gas^-line in order that 
the t.igi’.er c jncent rat ions of additives did not 
cause the water to .separate. 

'^Gl.'dTION GORROSIVITT - Ten metals used in 
auto.mot i'.’e :ucl ^vste.ms were usec for the cor- 

ji:‘h>.'n <teel, stainless scee., terneplace, 

..as: -I'.'P, br.iss. bronce, magnesium: and copper 

l^■ng hv I '-mm wide, 7he metal specimens were 
oreparec : u' testing by wash.ing in a volatile 
.'’'ganic .•' 0 ;\X'nt, polishing with a fi.ne grit 
abrasive .loth, rinsing with the organic 
tjolvent, and drving. Alth.ough there are no 
->t,ir.uarc metnoo^ .r.ai i.'r .;.’rrosion 

testing, there are rec'^^aaendat loiis » 3-8) which 
were followed wherever applicable to these 
experiments. Each speciuien was suspended halt- 
wav in 450 ml test solution contained in a 
glass bottle sealed with a screw cap. This 
arrangement gave a fluid vol -.me to specimen 
surface area ratio of 0.35 ml/tan-. Each bottle 
contained only otie metal specimen to avoid any 
dissimilar metal ion effects, -Any effects of 
the fuel vapors could be obserx’ed on the part 
of each specimen not irsaersed in solution. 

The bottles containing the test specimens 
partially iiTOers*:;d in the test sv:<lutious were 


placed in a constant t^perature chamber main- 
tained at •*3'*C for a 30-day period. In order 
to aiaintain a. nominally constant level of avail- 
able oxygen, the solutions were reaerated by 
sparging with compressed air at the halfway mark 
of the test period. 

The solution corrosivity tests were con- 
ducted in Task II in the same manner except the 
number of metals was reduced to six. Zinc was 
apparently not affected by exposure to the test 
solutions in Task I and was used as a confirma- 
tory control. The other metals: copper, brass, 

bronze, ternepiate and magnesium were all 
apparently affected to soroe degree in Task I. 

MATERIAL COMPATIBILITY - PolvTneric mate- 
rials for compatibility testing were chosen from 
the two major classes of synthetic elastomers 
and plastics, in addition to a naturally occur- 
ring compound. These materials represent as 
broad a range of applications and chemical types 
as could reasonably be tested within the scope 
of the program. Tlie twelve materials used in 
the compatibility tests are: 

1. N'itrile (N’BR) - high acrylonitrile 
elastomer , a butadiene-acrylonitrile 
copolNiner, 

4. Ni’ rile (NBR) - low acrylonitrile 
elastomer, j bi.tad iene-ac ry I cni t r il e 
copo I\Tier , 

3. Fluorocarbon elastomer, a vinylidene 
fluoride and hexaf luoropropylene 
copol>Tuer > 

Neoprene elastomer, a chlorcprene 
(chlorobutadiene) pol>Tier , 

5. F.pichlorohydrin elastomer, a chloro- 
propylene epoxide pol>Tier, 

b. Fluorosilicon elastomer, a fluorinated 
silicon oxide polmer. 

Acetal resin, a copolymer of a formal 
and glycol, 

3. Polypropy lene-high density, a propy- 
lene po iN-mer, 

Pclyethy lene-high density, an ethylene 
po 1 vine r , 

10. Nylon, a polyamide made from dicar- 
boxylic acids and diax.:ines, 

11. Perf luorocarbon, a fully fluorinated 
linar polymer, and 

12. Cork gasket material made from cork 
oak . 

These materials, obtained as sheets, were cut 
into coupons with a size C die and the physical 
properties of tensile strength, ultimate elon- 
gation, volume swell, dimensions and hardness 
were determined where appropriate according to 
the provisions of the pertinent ASTM stan- 
dards, (9-12) 

The Task II vesting of these materials was 
conducted in the same manner except that the 
number of substances was reduced to six. Tliese 
six materials consisted of three eiastocaers: 
fluorocarbon, nitrile-high acrylonitrile and 
Neoprene; two plastics: Nylon and perfluoro- 

carbon; and the cork gasket material. 
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TASK I RESULTS 


Results of exposure of test specimens im- 
nersed in blends containing the test additives 
were compared \;ith control exposures* Control 
determinations consisted of the corresponding 
material specimens exposed to gasoline con- 
taining 0-20>I methanol and no test additives* 
All comparisons were made within a material 
group only. In no case were observations or 
ratings made on one material compared with 
chose made on another; the results made any 
such comparisons difficult if not impossible 
in most instances. 

CORROSIVITY - VJithin the first week of the 
test the magnesium specimens immersed in the 
20^ methanol solutions had completely disinte- 
grated. Only the specimen in the blend con- 
taining additive D remained intact for the 
duration of the test as did those in solutions 
containing the lesser amounts of methanol. 

Brass, bronze, copper and terneplate exhibited 
visible effects — for the most part color 
changes — at the end of the 30-day test period. 
The other metals had no detectable changes and 
neither did any of the metals in the gasoline 
control solutions. 

Except tor occasional, randonlv occurring 
pits there was no evidence that pitting voulo 
he of any use in assessing the extent of oor- 
rosion. There was no measurable weight change 
on any of the randomly selected metal test 
specimens. Even the raagnesium coupons which 
had been immersed in the 101' methanol blends 
apparently neither lost nor gained any weight. 

Changes in coloration were left as the onlv 
apparent effect of corrosive action of the 
methanol-gasoline blends. Assuming that these 
effects were corrosion related, the test strips 
were ranked by visual inspection relative to the 
cont ro 1 within each methane 1 -concent rat ion 
group. Ranking the brass test strips in this 
manner resulted in the following ratings tabic: 

CORROSION INHIBITION RANKINC 


Methanol , 
vol 1 

Best 

Inhibit ion 

Wor.st 

2 . 5 

C K 

V 

A S 

p r 

.1.0 

K C 

3 

D A 

E E 

10.0 

3* 

K 

C E 

A r 

20.0 

A* 5* 

D* 

K F 

E C 

The control i 
The asterisks 

n each group is designated 
designate distinctly less 

"K". 

corro- 


sion noted on the specimens iesraersed in these 
additive solutions as compared to the controls. 

Tliese subjective evaluations indicated only 
additives B and D see^^ed to have any significant 
inhibitory effects on corrosion of the brass 


and bronze specimens. Likewise, additive E 
apparently inhibited the corrosive effects on 
terneplate. These three additives, 3, D and E, 
were chosen for further testing in Task II. 

COMPATIBILITY - Technical inforaation 
obtained frocD the additive suppliers had indi- 
cated there would be no modification of any 
incompatibilities between the methanol fuel 
blends and pol>Taerlc materials. Since it is 
know-n that alcohols generally aggravate incom- 
patibilities between gasoline fuels ana poly- 
meric fuel system materials, these tests were 
conducted to ascertain that the canaidate 
additives would net create any additional com- 
patibility problems. The properties measurec. 
to determine compatibilities were tensile 
strength, ultimate elongation, volume swell ana 
hardness for the elastomers. Dimonsianai chanct. 
was substituted for '.olume swell ieterminat lor;- 
in the case of the plastics and was the onlv 
determination that coula be made on the uotk 
gasket material. 

Change in tensile strength is expressed 
percent retained after imersion in test solu- 
tion compared to the value before im-mersiur.. 
According tv the pass criterion :«'r e 1 ai- 1 ^ mi-r - , 
"shall not lose more tnar. : . r;ci:'..il 

.ensile strengtn., ep i cn loroh. ver in aiia ! 1..^ r ■- 
silicone failed at a^l concent rations of meth.i- 
nol and NBR-Iow acrvlonitri Le was marginal. 
Examination of the tabulated results of th.-c 
tensile strength measurements seemed to i:-:aicutt 
that the vidditives had neither a heneficial r.v r 
a detrimental effect in any instance hut to.is 
was not readily apparent. 

Since it seened that the percent ret ent .cn 
was decreasing as a function of the m^than. 1 
concent rat 1 C n , ail ot tne results witni:'. each, 
material group were normalized with respect t ' 
the correspetidine ■.Mlue ;r. vip.leadee .;a. line. 

The no rtta 1 in ed values ;.T : he six additive? 
vithin a tie t hano l-o.’ncer.L rat ior. ^;r.'up sere 
averaged ar.c conpared tv ihe vent ro Is i.s s;;.;v,n 
i.n ■'■'i.;. 1 virii the ooptr.-ll result de.sivnate,; 
hy "K” and the test .iver.ije by "T." In the 
example .shou'n for epich ior.>i)yd r i n the •! .sno ~ 
values are essenci.illv identical since in .ill 
vases the variability . the ~ ■..idues defined 
hv either the ran.;e .T standard :..-v ; a t ; vn. 
includes the corresponding value .-i K. 

These results were essentially r.he sace for 
the ocher five elastoraers except that the loss 
of tensile strength was approximate i v egual for 
all four twethanol concentrations. Only with 
the fluorocarbon did ctie retention soeta to 
decrease as ntethanol concentration increased. 
There was nc. detectable difference in the 
tensile strength ot the plastics after i.nil^ersion 
in the test solutions, .\pparently, the presence 
of additive.s in the test fuels had no effect 
beyond that of the nech.anol on the tensile 
strength property of the elastomers and plastics. 
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FIGURE 2. RETFJv'TION OF ELONGATION REUMIVE 
TO UNLEADED GASOLINE 

These results closely parallel those fror the 
tensile strength determinations; the tl omers 
are apparently affected by alcohol in the fuel 
with no appa'.renC modification by the additives. 
The plastics exhibited no noticeable effect 
from the alcohol or additives in the fuel solu- 
tions. As with the tensile strength, these 


data led to the conclusion that the additives 
had no ejfecc beyond that of the alcohol on the 
retention of elongation. 

According to the criterion that there be 
"no shrinkage or a maximum volume increase of 
25/1," onlv the fluorocarbon elastomer passed 
the volume swell test. Only a slight volume 
increase was noted for the plastic. Nylon 6/6, 
and slight shrinkage for high-density poly- 
propylene. The results of normalization of 
the volume swell data are illustrated by the 
epich lorohydrin exa.mple in Fig. 3. The volume 
change apparently is a function of the methanol 
concent of the fuel, and as with the other 
properties, the additives do not modify this 
ef feet . 


EPKHlOROHTORtSU 



riGURE 3. INCREASE IN VOLUME RELATIVE 
TO UNLEADED GASOLINE 

Difficulties in cutting the cork test 
specimens made it possible to accurately mea- 
sure only the thickness of the coupons. There 
was no change in this dimension detected after 
immersion in the tost solutions. 

PROJECT STATUS 

As reported here. Task 1, Screening, has 
been completed and Task II, Optimization is 
underway and near completion. The Task 1 cor- 
rosion and compatibility tests were completed 
on a test matrix including six additives, ten 
metals, six elastomers, five plastics, and cork 
gasket material in fuels containing four con- 
centration levels of methanol in unleaded 
gasoline. The evaluation of Task I results led 
to reduction of the Task II experime.ntal matrix 
to three additives used singly and in combina- 
tion, six metals, three elastomers, two plastics 
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and cork gasket material In fuels containing 
three methanol concentration levels. The same 
corrosion and compatibility tests conducted In 
Task I were used In Task II. The Task II test 
period Is ending at this time; results of the 
evaluation will be published In the final 
report of the project. 
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QUESTION AND ANSWER PERIOD 


Q: Jerry Panzer, Exxon Research. I have two 

questions, but let's take them one at a 
time. How did you decide which alloys and 
elastomer formulations to select for 
testing of each of the particular generic 
groups that you did select? 

A; Most of these choices were based on the 
materials that are used currently and in a 
couple of cases, such as the fluorocarbons, 
those that are projected to be used to gain 
wore extensive use in field systems as we 
know them now. 

Q: You mean the auto cofiipanies told you which 

elastomers they use in their cars? 

A." No sir. 


or ei« tiSk» his 

aot SA£*»; h&e 

hy SA£ for end wCJ V« 

tbs If it in SAC 

I'of to t^lis te o« te cooti/ct 

lb« SA£ Dtvhgsai. 


3; Then how do ,'Ou know vd-iich ones to use? 

A; .,e compiled js luch if This inforuation 
from our own experience and *'ron whatever 
Other sources J'‘e available, ue consult 
with George nere on tpese things and we 
talk to as 'aany people as we possibly can 
in the auto<notive areas- 

Q; The second question deals with t.he fuel 
formulations. I notice that the '-atip .-f 
methanol to cosolvent was considerably 
higher than in the blends wtiich are 
currently being marketed connerciallv jr 
are approved by ERA. Are you planning to 
take a look at those kinds of conbinati ons 
in any of your future work? 

A: He haven't gotten that far yet. 

Penoaw winbists K? sobeut p«9«<3r» u» 

ts-AtoitieiO Of S4£ cdsanoH aesiid 

c« 5 >00 «rc«4 abotf&ci of a %»: 

388 bo-oblat. 
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